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RESEARCH MEMORANDUM 

NUMERICAL SOLUTION OF EQUATIONS FOR ONE-DIMENSIONAL 
GAS FLOW IN ROTATING COOLANT PASSAGES 
By W. Byron Brown and Richard J. Rossbach 


SUMMARY 

A theoretical analysis was made of the air flow through the blade 
coolant passages in an air-cooled turbine rotor; one -dimensional flow 
was assumed. The simultaneous effects of area change, compressibil- 
ity, wall f riot ion, heat transfer, and rotation were included. A 
numerical method for solving the differential equations expressing 
the conservation of energy and momentum is presented for the general 
case in which the coefficients in the two equations are allowed to 
vary along the blade span. In addition, the variation of the combus- 
tion-gas effective temperature and relative velocity at the entrance 
to the rotor are considered in the analysis. 

Tables of the several Mach number functions that appear in the 
differential equations are presented. The interval in the Mach 
number in these tables is small; the labor of interpolation is there- 
by minimized. 

A numerical example is solved by use of the general solution of 
the differential equations. For the same example, a simplified solu- 
tion of the energy equation is presented, in vhich mean constant 
values were used for the coefficients. The plotted results of the 
two solutions indicate that total temperature, Mach number, relative 
velocity, and static pressure of the coolant determined from the 
simplified solution deviated less than 2 percent from the corres- 
ponding values obtained for the general solution. 

It was found that the general solution, in which the coeffi- 
cients in the differential equations were treated as variables, should 
be employed for accurate determination of the spanwise blade -metal 
temperature distribution. The blade -metal temperature distribution 
may be approximately determined, however, from, a simplified solution 
of the energy equation by utilizing the effeotive combustion-gas - 
temperature distribution and an approximate value of the variation 
in the ratio of outside to inside heat-transfer coefficient. 
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U3TB0DDCTI0N 

Turbine -Inlet temperatures higher than those encountered in cur- 
rent use offer possibilities for large improvements in the performance 
of airoraft gas turbines. For this reason, the net effeot of differ- 
ent turbine-cooling methods on engine and airplane performance and 
means for utilizing higher inlet temperatures are being investigated 
at the EACA Levis laboratory. An important phase of this work is the 
analysis of coolant flow through passages in the rotor blades. 

In the air-cooled turbine, the cooling air may be introduced 
into the turbine disk near the center from some stage of the main 
compressor. The air then flows in a radial direction and enters a 
radial blade coolant passage at the base of the blades. The pressure 
and the temperature of the air flowing through the blade coolant pas- 
sages are affected by heat transfer, wall friction, rotation of the 
turbine wheel, and changes in flow area along the coolant passage. 

The cooling air is often discharged into the working-fluid gas stream 
at the tips of the blades. An analysis of the air flow in the blade 
coolant passages is necessary in order to determine the pressure 
requirement for the cooling air and the effect of the coolant on the 
performance of the entire engine. A method for computing the pertinent 
flow characteristics of the cooling air within the blade coolant pas- 
sages is presented herein. 

Considerable researoh has been done on the ideal case of one- 
dimensional gas flow through stationary passages. Some of this work 
is summarized in reference 1. 

Simplified solutions valid for low velocities (Mach numbers less 
than 0.4) and moderate heat -transfer rates (temperature differences 
between the air and the wall less than 300° F) are presented in ref- 
erences 2 and 3. Experimental work presented in reference 4 shows 
that for higher Maoh numbers and higher heat-transfer rates, the 
simplified solution gave only very rough approximations. Even for 
the simple case (one -dimensional flow through stationary passages), 
no exact closed-form solution has been found for the momentum equa- 
tion. References 5 and 6 present sets of working oharts that facili- 
tate the determination, without individual integration, of the pressure 
variations of a compressible fluid flowing through heat -exchanger 
passages in the specified case wherein heat is added to the air 
stream bv the passage walls, which are at a constant temperature 
throughout their length. It Is stated in reference 6 that similar 
methods could be used for the case in which the rate of heat Input 
along the passage length is constant. 
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A one -dimensional analysis of gas flow In a stationary passage 
is presented in reference 1; the simultaneous effects of area change, 
wall friction, drag of internal "bodies, generalized "body forces, 
external heat exchange, chemical reaction, change of phase, injection 
of gases, and changes in molecular weight and specific heat are con- 
sidered. The analysis of reference 1 can "be applied to the flow 
through the rotating "blade coolant passages "by replacing the general- 
ized "body force of reference 1 "by the centrifugal forces due to the 
rotation of the "blade coolant passage. In this connection, the dif- 
ferential equations expressing the conservation of energy and momentum 
are developed in forms that are applicable to the present problem. 
Methods for the simultaneous numerical solution of these two differ- 
ential equations are presented. 

The simultaneous solution of the energy and momentum equations 
from the tip of the blade to the root permits the determination of 
static pressure, total temperature, and velocity distributions of the 
ooolant along the blade coolant passage. In addition, the s panwise 
blade-metal temperature distribution may be determined. Recommenda- 
tions are also made for determining the heat -transfer coefficients, 
the friction coefficient, and the recovery coefficient, inasmuch as 
these coefficients appear in the differential equations. A numerical 
example is presented to demonstrate the application of the methods 
developed. This example is also solved by using two closed -form 
solutions of the energy equation and the results are compared. Also 
a simplified method of determining blade-metal temperatures is given. 
Tables are presented in order to facilitate the computations; these 
tables require less interpolating t ime than those of reference 7 and 
contain .additional Mach number functions not given in reference 7. 


ANALYSIS 

The principal assumptions made are listed and discussed. The 
basic physical equations and the working equations derived from them 
for this application are also given as well as a numerical method 
for solving the differential equations and the solution of a numer- 
ical example to Illustrate the method. 

A schematic sketch of a hollow turbine blade mounted on the 
turbine disk is shown in figure 1(a). The analytical methods pre- 
sented refer to the ooolant flow in the section of the blade between 
the radii r^ and rp. The remaining three sketches in figure 1 
indicate possible hollow-blade cross sections to whioh the present 
analysis can be applied. 
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The velocity diagram of the coolant at radius r is super- 
imposed on the sketch of a mounted hollow "blade in figure 2(a). The 
velocity W referred to in the following analysis is the velocity 
of the coolant relative to the blade in the radial direction. The 
total temperatures' employed are relative to the blade . 

In a turbine blade rotating at a high angular velocity, the 
coolant flow is affected by rotation, change in flow area along the 
blade coolant passage, wall friction, and heat transfer from the hot 
blade walls to the coolant. The inside and outside perimeters of the 
blade as well as the coolant flow area vary, in general, along the 
blade span. The veloolty of the combustion gas relative to the blades 
may vary as much as 100 percent along the blade span. All these 
variations cause changes in the Reynolds numbers of the combustion- 
gas flow and coolant flow; variations in the inside and outside heat- 
transfer coefficients along the blade span therefore result. 

If the spanwise blade-metal temperature distribution is required, 
all these variations along the blade must be considered in the solu- 
tion of the differential equations describing the ooolant flow. In 
order to account for all the variations, a numerical solution Is 
presented for the differential equations. If, however, an accurate 
blade -metal temperature distribution Is not required, a closed -fora 
solution of the energy equation may be employed without appreciably 
changing the computed distribution of temperature, pressure, velocity, 
density, and Mach number of the ooolant. 


Assumptions 

In older to simplify the analysis, the following assumptions 
are made: These assumptions are listed and then discussed. 

1. The cool ant flow is one -dimens i onal and in the radial, direc- 
tion; that Is, the flow properties are constant in any cylinder per- 
pendicular to the radius. 

2. Heat conduction spemwise along the bl a de to the rim Is 
negligible . 

3. Heat transferred by radiation (from the stator to the rotor) 
is negligible. 


4 . 


5 


Inlet effects on heat transfer acre negligible. 
Thermal, resistance of the blade well is negligible 


V 
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The variation, of pressure, temperature, velocity, and. density 
aoross a section of the coolant passage is small enough in current 
turbine designs to permit assumption 1. For example, in the case of 
the Jumo-004 hollow-blade turbine, Stodola's formula for the velocity 
variation (reference 8) gives a variation aoross the passage of about 
10 feet per second, which corresponds to a velocity variation of 
about 1 to 3 percent. The pressure variations would be of the same 
order of magnitude. Telocity variations aoross the passage could 
conceivably be produced by natural convection; if these velocities 
are compared with the forced velocities by comparing in a typical 
case the heat-transfer coefficients due to natural and forced convec- 
tion, variations of about 10 percent appear possible. The largest 
deviation from an average value would thus not exceed 5 percent and 
a one -dimensional calculation would give the radial velocity trend 
with sufficient accuracy for many purposes. 

The parameter that measures the relative importance of conduc- 
tion to the rim is shown in reference 9 as 


£ = (r 


i*o*o 


=±U 


k B % 


The spanvise blade -metal temperature distributions for certain air- 
cooled hollow blades, which have been studied, indicate that conduc- 
tion to the rim is negligible beyond a point 0.8 inch from the rim. 

The value of £ at this point is between 3 and 4. For the air-cooled 
hollow blade of reference 10, the value of 5 for negligible conduc- 
tion to the rim is 3.4 and occurs at a point 10 percent of the blade 
span from the root (0.4 in.). Equation (10) of reference 11 (p. 232) 
indicates that when $ is equal to or greater than 4, the temperature 
difference between the combustion gas and the blade metal is changed 
less than 1.8 percent by conduction to the rim. Assumption 2 thus 
appears to be justified when £ is equal to or greater than 3.5 at 
the point in question. In the numerical example presented herein, 

£ is equal to 3.5 at a point 0.7 inch (19 percent of the blade span) 
from the root. 

Assumption 3 has been studied in an unpublished- hollow-blade 
calculation; the effect of radiation was found to be very small for 
stator temperatures up to about 2000° F. Because of the very small 



6 


NACA EM E50E04 


contribution of radiation to the total heat transferred at 2000° F, 
radiation effects may probably be neglected without sizeable error 
for stator temperatures as high as 3000° F. 

Assumption 4 is supported by unpublished data on heat transfer 
in a tube. 

Assumption 5 is customarily used when a gas film exists on each 
side of a thin metal wall. 


Basic Physical Equations 

Four basic physioal equations are available for the determination 
of the distributions of Mach number, static pressure, total tempera- 
ture, and the velocity of the coolant along the blade coolant passage . 
The equation of state and the continuity equation, respectively, are 


p ■= pgEE 

(1) 

V = pgAW 

(2) 


(All symbols are defined 
The general form of 


in appendix A.) 

the energy equation is 


®b ^ 

da + -V„ Cpd3? + d gF 


(3) 


as in reference 1 and the general form of the momentum equation is 


4E - f„ to + 5L22. + = o ( 4 ) 

Pg ° 8 Pg 


as in reference 11 (p. 117) 
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Work i ng Form of Differential Equations 

The independent variable r may conveniently "be changed to a 
dimensionless number y defined so as to vary from a value of zero 
at the blade tip to a value of unity at the blade root. Thus 


y = (l/b)Cb + - r) 


(5) 


The main dependent variables are the total temperature of the 
coolant T” and the Mach number of the coolant M; both are referred 
to the rotating passage. The dependent variables are defined in the 
usual manner. 


T + 


W 2 


2Jgc, 


M 


W 2 

7gET 


( 6 ) 


(7) 


The distributions of Mach number, static pressure, total tempera- 
ture, coolant velocity, and blade -metal temperature along the blade 
coolant passage are shown in appendixes B and C to depend on the solu- 
tion of the differential equations of energy and momentum. The work- 
ing form of the energy equation is 


fr - - £«,• - T " t 1 - (1 - %,.]} - 


,2 2 

b CD 

Jse-n 


(i-y) - 


* r h a 

JS®-n 


( 8 ) 


and of the momentum equation is 


AM 2 

dy 


T 17 ay 


- 14 


4fb 

D h 


% rjjb 

T 17 gR 


/lb b ' 

(1 + — - - y — 

V r h 


it Si ( 9 ) 

A dy 
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vhere 


1 + Z^i.M 2 

I- B 1 


( 10 ) 


( 11 ) 


2M 2 (1 + M2) 


1 - M 2 


7^(1 + M 2 ) 

1 - H 2 


( 12 ) 


(13) 




M 2 (l + tm 2 )^ + M 2 ) 

1 - M 2 


. ( 14 ) 


and. A i 1 b the recovery coefficient defined as 



(15) 


vhere T g Is the adiahatio vail temperature, that is, the temperature 
assumed by the vail In the absence of heat transfer between the vail 
and the moving fluid. 

All the functions have been calculated and are presented in 
table I. Some of these values have been published in reference 7. In 
the present tables, some nev functions have been added to those of 
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reference 7. An additional speoifio heat ratio (1.37) has teen com- 
puted in order to simplify interpolation for varying air temperatures. 
The tabular interval in the Mach number has been reduced also to 
facilitate interpolation. 

In general, equations (8) and (9) must be solved simultaneously 
because the Mach number occurs in the energy equation (8) and the 
total temperature occurs in the momentum equation (9) . In many 
instances, especially vhen Aj is dose to unity, the term involving 
the Mach number in the energy equation is quite small, less than 2 
percent of unity. In such cases, this term is often neglected in 
order to permit the energy equation to be solved independently of the 
momentum equation. This solution is presented in the section APPROX- 
IMATE CLOSED-POEM SOLUTION OP ENERGY EQUATION . 


Determination of Plow Characteristics 

When the differential equations (8) and (9) have been solved for 
the distributions of Mach number and coolant total temperature along 
the blade coolant passage, the static -pres sure and coolant -velocity 
distributions may be determined as in reference 1 from the equations 


% I t 1 * Z * 1 * 2 N 

% = A H^tVi + ^h 2 / 


(16) 




1 » ^“t 2 ^ 


(17) 


Equation (16) is obtained from the combination of’ equations (1), (2), 
(6), and (7). Equation (17) is obtained by eliminating T from 
equations (6) and (7) and substituting R7/(7-l) for Jcp. 
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NUMERICAL METHOD OF SOLUTION 

The numerical methods are developed in referenoe 12. In order 
to adapt these methods to the specific problem considered, equal 
increments of length along the blade coolant passage are designated 
by the stations 0, 1, 2, . . * n, beginning at the blade tip. The 
distances to each of these stations are designated by 7 q ( 7 q = 0)# 

7l# y 2 # » * * y n , respectively. A s im ultaneous solution of equa- 
tions (8) and (9) is required; the procedure for solving both equa- 
tions is identical. The t otal -temperature distribution, which is 
obtained from the energy equation, is nearly linear, whereas the 
Mach number distribution, which is obtained from the momentum 
equation, is not; consequently, all the refinements required for a 
function with a rapidly changing slope must be utilized in the solu- 
tion of the momentum equation. The details of the solution of the 
momentum equation are therefore presented. The energy equation may 
be solved In a similar manner by employing as many of the refinements 
as are required. 

The solution Is initiated by determining the Mach number at the 
tip from the relation 


I c = 7M 2 (1 + ^ M 2 ) = — (18) 


which is derived in appendix D. All quantities on the right side of 
equation (18) are assumed to be known and the Mach number at the tip 
of the blade oan be found by reference to table I. 

The insertion of the initial value of (when y = 0) in 

equation (9) yields (dM^/dy)o* va ^- ue M at the station l/2 

is computed from the equation 



The value of (M 2 ) permits the computation of from 

equation (9) using the values of I f , Ip, and I E from 

table I and the values of A, T", dT "/dy , D^, f, and dA/A dy 
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corresponding to y^yg . The simultaneous step-by-step solution of the 
energy equation yields T" and dT n /dy. 

The value of (M 2 )^ is then computed from, the equation 

^ o + (fr\/z - y °) (20) 

As before, the value of (dM^/dy)^ is computed hy inserting (M 2 )^ 
in equation (9). 

Differences vill hereinafter he employed for calculating quanti- 
ties necessary in the numerical integration. The following equations 
indicate the method for computing the required differences at any sta- 
tion ns 


(f£) n - - (g^ 

‘3 (#) n - ‘3 (#1 - H (^L (») 

At station n+1, the values of (dM^/dy) , and (M 2 ) , are 

obtained as follows: 

It is important to have the numerical work systematically 
arranged. The values of the different functions of dM 2 /dy for the 
stations 0, i, 2, . . * n may be conveniently arranged as in the 
following table of differences: 
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y 

dM 2 

ar 

A 1 

a 2 

A 3 

*0 

(£)o 



' 

yi 





*2 

(S, 

•>(n 

-(If), 


y 3 

• 

(£), 

• 

(£), 

* 

• 

‘3 »), 

• 

• 

• 

• 

(*>. 

* 

* <WL 

• 

• 


This table Is formed by subtracting each number from the one imme- 
diately beneath It and setting the remainder opposite the minuend In 
the column to the right. 

A similar table of differences may be constructed for the Mach 
number at the several stations. Third -order differences for either 
dH 2 /dy or M will change slowly If the Interval y n+ i - y a is 
sufficiently small. The table of differences In which the third -order 
differences change more regularly should be noted. The value of the 
argument of this table at station n+1 may be estimated by inference 
from the difference table. The third -order difference is first 
Inferred at station n+1 from the values above it. The inferred 
difference Is then added to the last entry in the second difference 
column. The resulting sum is added to the last entry In the first 
difference column, vhioh is finally added to the last entry in the 
column for the tabulated values of the argument. The resulting value 
is the trial value of the argument. 

The next step is to ocmpute (M®) n+1 . 
formula 


This term is found by the 
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This value of ( M 2 ) ^ is used in equation (9) to compute 

(aM 2 /dy) n+ T . If this result differs considerably from the trial 
value of XcLM^/dy ) n+ .2 found by inference, the differences are recal- 
culated and equation (24) used again. The value of (M?) n+ Q_ seldom 
needs to he corrected more than once. 


The values of M 2 and dM^/dy at stations 2 and 3 are found 
just as those for station n +1 except that, for the step from. 1 to 2 , 

A 2 and A 3 are unknown and, for the step from 2 to 3, A 3 is unknown. 
Terms containing these differences are omitted. It is thus advisable 


at this stage, that is, when approximate values are known, for the 
stations 0 , 1, 2, and 3, to check the values of A 3 . M 3 . 2 , A 3 . M 2 2 , 

A V w "Utt 1 Aw4nrf /wio • 


Ax M 3 * 


hy the following equations : 



(25) 



and revise M^ 2 , Mg 2 , M 3 S 


in the tables 
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With the revised values of M^, the corresponding values of 
dM^/dy are recomputed from equation (9) and the difference tables 
are corrected. 

If In the course of the computations the differences of the 
highest order employed became very small , the interval between the 
values of y may be doubled. In order to accomplish the increase 
in the interval, the values of dM^/dy corresponding to the alter- 
nate values of y employed in the last steps of the computation are 
omitted. A new difference table is constructed employing the remain- 
ing values of dM^/dy. The new differences may then be employed in 
the continuation of the computation. 

If, however, the differences of the highest order become very 
large or if these differences vary irregularly, the Interval between 
the values of y employed must be decreased to one -half or one -third 
the original value. If the last line of differences (dM^/dy) n 
(where i * 1, 2, and 3) in which the highest -order difference is 
still small oocurs at a value of y = y n , this line of differences 
must be replaced by a new line of differences A^ r (dM^VdyJn (where 
1*1, 2, and 3) corresponding to the reduced interval but applicable 
to the same station y n . The computation of the value of 

corresponding to the one -half interval from the value of Is 

accomplished by the following equations : 

A l,r (j) " | A l + | A 2 + A 3 + ' ' ’ 


A 2,r (|) “ I A 2 + ? A 3 + • * * 


A 1 ? yi ( “ "" A*Z + • • • 

3 J r \$J 8 3 



a 
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The following equations are available for computing A^ r for the 
one -third. interval from A^: ‘ 


A l,r (§) = | A 1 + | A 2 + m: A 3 

A 2,r (|) = I A 2 + A 3 ► ( 29 > 

A 3,r ( 3 ) " 27 A 3 


In a calculation initiated at the blade tip -and proceeding toward 
the blade root, the interval can usually be doubled several times, 
even though small intervals are initially needed because of a high 
exit Mach number (M > 0.7). If the exit Mach number is less than 
0.5 and the area changes are small, large intervals (0.1 or 0.2) can 
be used throughout the passage for y n+ ^ - y a . The intervals used 
in the numerical example should be taken only as a rough guide. The 
previously mentioned criterions should be applied in each case. This 
choice of interval is further discussed in the example. 


NUMERICAL EXAMPLE OP GENERAL SOLUTION 

The details of a numerical example for a finned blade are pre- 
sented In order to illu strate the procedure to be followed In the 
simultaneous solution of the energy equation (8) and the momentum 
equation (9) . The redial variations of Tg,e> w g* °pj Ho> 

and the other blade dimensions are considered in the solu- 
tion. 


Variation Along Blade Span of H Q 7 0 and 1 + X 

Inspection of equation (8) shows that the coefficient of the 
principal temperature term Involves the factors HqZq and 1 + X 
where 
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. ^o,w^o ^o.w^o 
A = %,w*I “ %,f*i 

In this case, w = ^ because the blade studied has cooling fins 

Inside the passage. Each of the four members of the ratio ?v varies 
along the blade span. The heat -transfer coefficients Hq w and 
v depend on the combustion-gas, cooling-air, and blade -metal 
temperatures as well as the position along the blade span; they can- 
not be tabulated until the pertinent temperatures are determined. 

The correlations employed to determine H c w and H i w depend on 
the local Reynolds number. Because the local Reynolds number varies 
along the blade span, the values of H 0 w and w must be deter- 
mined at each station. The effect of the Reynolds number variation 
along the blade span is accounted_for in the computation by calcu- 
lating the reference values Sq v l 0 and that correspond to 

the actual values of the two parameters near the midpoint of the span 
and by multiplying these two reference values by the appropriate 
functions of temperature and geometry ratios. In order to make the 
variation calculations dimensionless , reference values were used. 

The ratios Involved then approach unity and all the Invariant factors 
cancel. 

In the case of the outside heat-transfer coefficient, the cor- 
relation employed is determined from data obtained at the HACA Lewis 
laboratory (See appendix E ) . 


^o.w^h.o 


0.75 


Pg.w^pph.o 


0.53 



(30) 


Now 




?ex 

SSHCb 


( 31 ) 
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and 



(32) 


For a limited range 

k g,v » « % 0-7 (SS) 


Wien equation. (30) is divided by a similar equation written in terms 
of reference values and when equations (31) to (33) are employed, the 
following relation is obtained: 



Over the usual range of temperatures from the root to the tip of the 
blade, the ratio (Prg^/Prg^) 1 / 3 differs from unity by only a few 
tenths of one percent and can therefore be emitted. The final form 
of the equation is 


wo 

H o,v ? o vo ¥ g/ VB / 


(34) 


The first factor on the right side of equation (34) may be tabulated 
before the simultaneous solution is initiated, but the second factor 
must be tabulated as the blade -metal temperature s become available. 

For the inside heat-transfer coefficient, the correlation of 
reference 13 is employed, (in this reference all bulk properties 
of the air are evaluated at the total temperature.) 
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^l t w 



(35) 


Tbs presence of fins in the blade coolant passage nay be taken into 
account by adapting the following finned-cylinder relation (refer- 
ence 14) to the present case by making the radius infinite: 


% 



r 

2 tanh ep Lf 

5 ~ 


+ a 


(36) 


The following relation is obtained for in a manner similar to 

the derivation of equation. (34). (See appendix P.) 


SfH 


h . fsl ) 0 ' 7 /^.) 0 ' 56 

T ± a \T f ) \? 7 \t b / 



2 tanh q> 


CP 


2 tanh cp L^> 


(37) 


Because 


9 




The right sides of equations (34) and (38) may thus be expressed 
as the. product of the following two factors: the geometry factor G, 
which is dependent on the blade geometry, and the temperature -ratio 
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factor 8 , which, is dependent on the temperature distributions . The 
final faotor of equation (37), the fin factor, contains both geomet- 
ric a nd temperature terms and must therefore be evaluated step by- 
step as the temperatures become available. These factors for deter- 
mining the heat -'transfer parameters in terms of reference values are 
presented in the following table: 


Position 

Beat -^transfer 
parameter 

Geometry factor, G 

Fin factor 

Temperature factor, 9 

Outside 

o 

^o.v^o 

AM 0 * 53 


«r 

Fin 

l f*i 

wv\°* 2 

2 tanh cpLf 

m 4. ^ 

(CCtH 

f 

fell 

H * W 

2 tanh qpLp 

m 4 * m 

cp 

Inside 

I 

<pLf 

J»w W 


(iTClF : 


Assumed Conditions for Numerical Example 

A blade configuration similar to that depicted in figure 1(d) 
was employed in the numerical example. The variation of coolant 
flow area, hydraulic diameter (inside), perimeters, mean half -width 

of f ins , a-noi area -change parameter — — along the blade span is 

A dy 

presented in figures 3(a) to 3(e). The turbine is assumed to be 
designed far free -vortex flow. The theoretical variation, along the 
blade span, of the combustion-gas velocity relative to the blades at 
the entranoe to the rotor is presented in figure 3(f). A typical 
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effective oambustion-gas -temperature distribution along the "blade 
span, which will he employed in the computation, is shown in 
figure 3(g). The variation of Cp and 7 for the cooling air 
with temperature is plotted in figures 4 and 5, respectively. In 
figure 6, the variation of the friction coefficient with the blade - 
ooolant -passage Eeynolds n umber is presented. 

In order to ocmpute the reference values of the inside and out- 
side heat-transfer coefficients, the blade dimensions corresponding 
to the midpoint of the span (y = 0.5) are employed. The reference 
temperature for the combust ion -gas properties Tp (reference 16) is 
assumed to be 1300° B and for the cooling air T" is assumed to be 
900° B. The reference values are arbitrary, but are seleoted to be 
as near the middle of the probable range of values as possible. The 
data required for the numerical example are as follows: 


A 

0.00041 (sq ft) 

At 

0.000194 (sq ft) 

b 

0.3 (fb) 

5h 

0.00668 (ft) 

f 

0.0065 

k B 

0.00417 Btu/ (sec) (ft) (°F) 

k 

0.657x10"® Btu/ (sec) (ft) (°F) 

fcg,* 

0.82x10"® Btu/ (sec) (ft) (°F) 


0.0055 (ft) 

Te 

0.2505 (ft) 

H 

0.1295 (ft) 

To 

0.262 (ft) 

a 

0.0050 (ft) 


0.876 

Per 

5000 (lb/sq ft) 
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5000 (rb/sa ft) 

53.3 (ft-lb)/(lb)(°B) 

1.117 (ffc) 

1300° E 
900° E 
1160° E 
838 (ft/seo) 

0.01689 (lb/ see) 

0.9 

0. 558310"® slug/ (ft) (sec) 

0.695310" 6 slug/ (ft) (sec) 

0.0025 (ft) 

796 radians/(seo) 

In evaluating the gas properties, a fuel-air ratio of 0.02 and 
a hydrogen-carbon ratio of 0.186 vere assumed. 

Calculation of Eeference Values of Hq ,v*o 1 + X 

Calculation of Hq iV T 0 . -The reference value E 0) ^T 0 is cal- 
culated corresponding to the reference temperature 

T b * 1300° E 

the blade dimensions employed are for 

y = 0.5 


Bj; 

E 

% 


T 


W S 

w 

A 

£ 

T 

0) 
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The computations are as follows: 

?8 ' v ■ 3% • (32 .17) (53^3) (1300) * °' 00224 (alUs/ott n) 

S fl,o m it a * °- 0834 («) 

too - P g. j fo. oV g . (O.OTgg*)(0-° 8 3«)(g3S) . 22S<000 

0.695 l 10" 6 

Su 0 " °* 75 (E^o) 0,53 (**g,v) l/3 « (0.75) (225, 000) 0 * 53 (0.876) - 451 


- . C t SJi ? . * . 82 * P- , 0 " 5 ? = 0.04434 Btu/(seo) (sq ft)(°P) 
D]i } o 0.0834 


Ho >v l 0 ■ (0.04434) (0.262) - 0.01162 

Calculation of E± t v> Ef t and- 1 + X. - In the calculation of 
si, v r the re fere nee total temperature T" equal to 900° B la 
employed ’because the velocity in the correlation equation (35) is 
baaed on the density evaluated at the total temperature • As before, 
the reference values of the blade dimensions are those at 


y « 0*5 
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The value of % Is computed "based on T" j - % v is determined from 
"by applying a temperature correction (appendix F) . The value of 
Hf is then obtained from Hi #w . The required computations are: 


Si'- jt ”* 1 


(0.01689) (0.00668) 


A« ^ (0.00041) (32 .17) (0.558xl0“ 6 ) 


15,330 


HUi = 0.019 (Eei) 0 * 8 = 0.019 x (15,330) u *° = 42.38 


0.8 


^ _ (42 .58) (0.657 x 10 fj . „ q. 04168 Btu/(sec) (sq. ft)(°F) 

D h 0.00668 ' 


/nfrn\0*56 / qm\0.56 

E i,w = H i(,^) * 0.04168 (““J = 0.03393 Btu/(sec) (sq. ft)(°F) 


q> -Jifiii- (2) (0.05595) _ 80 . 70 

'y k B T 'U (0.004168) (0.0025) 


CpLf = (80.7) (0.0055) - 0.4439 


^ m + T\ <p J 


0.05 , 595 /g_fcaJih.,,0..4459 + q.oo 5 q\ ■ 0.06935 Btu/(sec) (sq. ft)(°F) 

0.0050 + 0.0025 ^ 80.70 / 

%T ± = (0.06935) (0.1295) » 0.008981 
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X B ^o»~w_^o _ 0 *01162 
% l ± 0.008981 


1.294 


Calculation of Cooling-Air Maoh Number at Blade Tip 

The Mach number of the pooling air at the blade tip is deter- 
mined from equation (18) . 


x 0 . = (0-01669) 2 (53.3) (1160) . 0-583 

At 2 S% 2 (0.000194) 2 (32.17) (5000)^ 


The value of 7 = 1.370, corresponding to T" t = 1160° B, is 
obtained from figure 5. The value of Mp = 0.629 correspond a to 
7 ** 1.37 and I c = 0.583 in table X. 


Calculation of Cooling-Air Total -Temperature 
and Maoh Number Distributions 

The calculation schedules for an( l 1 + X, T" and 

dT ”/&?, and M 2 and dM 2 /dy are presented in this section. In 
the preparation of these schedules, the interval in y must be so 
chosen that the differences in the tabular values of dM 2 /dy, 
dT n /^y^ and M do not change too rapidly. (The differences in the 
tabular values of dM 2 /dy normally change most rapidly.) In the 
present numerical example, the interval in y was chosen as 0.01 
in the range of values of y from 0 to 0.15, 0.05 in the range of 
y from 0.15 to 0.40, and 0.1 in the range of y from 0.4 to 1.0. 

The size of the interval depends on the number of significant figures 
desired. No general rule can be given. 


Numerical calculation of H 0>v 2 0 and 1 + X. - Columns 

in the following table constitute the computational schedule 
determining Hq #v Z 0 by equation (34). The quantity 1 + X 


2 to 11 

for 

in 
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column 3 mast "be assumed at first. If column. 26 (in a subsequent 
part of the table) is -widely different, the calculation must be 
repeated with a revised value of 1 + X in col umn 3. The table 
shows the final calculation only. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

7 

(T)and 
fig. 9 

T 

1 + X 

|| 

T e 

H 

H 



G o 


0 

1910 

1.708 

1352 

1152 .2 

2504 

1466 

0.887 

0.976 

0.754 

0.00855 

.05 

1965 

1.762 

1497 

1139.3 

2636 

1496 

.869 

.972 

.776 

.00876 

.10 

2020 

1.825 

1667 

1123.1 

2790 

1529 

.850 

.968 

.796 

.00895 

.15 

2073 

1.922 

1911 

1107.0 

3018 

1570 

.828 

.963 

.821 

.00919 

.20 

2117 

2.001 

2119 

1089.6 

3209 

1604 

.810 

.959 

.843 

.00939 

.25 

2135 

2.080 

2306 

1071.0 

3377 

1624 

.800 

.956 

.869 

.00965 

.30 

2124 

2.141 

2423 

1052.3 

3475 

1623 

.801 

.956 

.893 

.00992 

.35 

2103 

2.203 

2530 

1033.6 

3564 

1618 

.803 

.957 

.917 

.01020 

.40 

2080 

2.273 

2648 

1014.8 

3663 

1612 

.806 

.958 

.943 

.01050 

.50 

2029 

2.325 

2688 

977 .1 

3665 

1576 

.825 

.962 

.994 

.01111 

.60 

1971 

2.442 

2842 

939.3 

3781 

1548 

.840 

.966 

1.047 

.01175 

.70 

1911 

2.484 

2836 

900.5 

3737 

1504 

.864 

.971 

1.104 

.01246 

.80 

1847 

2.534 

2833 

860.6 

3694 

1458 

.892 

.977 


.01315 

.90 

1781 

2.552 

2764 

820.6 

3585 

1405 

.925 

.985 

1.218 

.01394 

1.00 

1711 

-2.560 

2669 

779.7 

3449 

1347 

.965 

.993 

1.278 

.01475 


Columns 12 through 25 in the following table constitute the computa- 
tional schedule for determining according to equations (37) 

and (38) . In order to initiate the calculation of 1 + X, a trial 
value of X at station 0 was estimated as follows: 


*0 


. IsSi . 0.7* 
G-j. q 1*775 


The first line (y = 0) was then completed with the aid of col- 
umns 27 to- 45 (in a subsequent part of the table) and the estimated 
value of X was checked. If a value of X differing substantially 
from X = 0.74 had been obtained, the computations of the first 
line in the table would have been repeated. One repetition is 
usually sufficient. The trial value for X in the second line 
(y = 0.05) is estimated as follows: 
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*0 


G. 


2j° 

%1 


Trial values of X for the third and the following lines may he 
estimated by noting the trend takes. 


value 


The values of T e (column 5) are obtained by subtracting the 


(1-A) T"lg 


(column 30) from l" (column 44) as in equation (8) . The pertinent 
values of *T.e were found in table I. The operations to be per- 
formed in the remainder of the computational schedule may be deter- 
mined from the column headings. 
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1 

20 

21 

22 

23 

24 

25 

26 

7 

© + 

<2d 

1)0.56 

7 % y * 56 

@ 0 - 7 

( V ) 0 - 7 

Pigs. 3 (a) 
and 3 (c) 

|i|jjj||| 



0.0050 

0.01533 


\9ooy 

G- f 


1 + X 

' 0 

0.01068 

0.697 

0.935 

1.194 

1.781 

0.01245 

1.687 

.05 

• 0111 7 

.729 

.924 

1.183 

1.613 

.01154 ! 

1.759 

.10 

.01164 

.759 

.913 

1.170 

1^480 

.01078 

1.630 

.15 

.01213 

.791 

.900 

1.158 

1.365 

.01011 

1.909 

.20 

.01257 

.820 

.889 

1.145 

1.284 

.00963 

1.975 

.25 

.01304 

.851 

.883 

1.131 

1.207 . 

.00921 

2.048 

.30 

.01346 

.878 

.883 

1.117 

1.146 

.00891 

2.113 

.35 

.01391 

.909 

.884 

1.103 

1.100 

.00874 

2.167 

.40 

.01431 

.933 

.886 

1.089 

1.059 

.00856 

2.227 

.50 

.01511 

.986 

.898 

1.060 

1.003 

.00845 

2.315 

.60 

.01589 

1.037 

.907 

1.031 

.967 

.00842 

2.395 

.70 

.01659 

1.082 

.921 

1.001 

.953 

.00854 

2.459 

.80 

.01724 

1.125 

.938 

.970 

.946 

.00870 

2.511 

.90 

.01780 

1.162 

.957 

.938 

.965 

.00904 

2.542 

1.00 

.01823 

1.189 

.980 

.905 

.988 

.00936 

2.576 
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Solution for total --temperature distribution, of pooling air . - 

The computational schedule for solving equation (8) for dT ,r /dy is 

given in columns 27 to 35. as 

cn 
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Coltums 35 to 38 constitute a difference table for dT n /d.y. An 
equation similar to equation (24), but written for T", is solved 
for *"wl in columns 39 to 44. 


1 

34 

35 

36 

37 

38 

39 

40 


8.48 

<n>+@+@ 







w 





2 

12 

y 






A 

A 



cLT" 

( dT n \ 

( dT”^ 

( dT n \ 

fl i 




■ ay 

A i(- w) 

M- W) 


2 

12 

0 

33.5 

312 






.05 

33.5 

331 

19 



-10 


.10 

33.6 

350 

19 

0 


-10 

0 

.15 

33.7 

.370 

20 

+1 

+1 

-10 

0 

.20 

33.8 

387 

17 

-3 

-4 

-9 

0 

.25 

33.8 

397 

; io 

-7 

-4 

-5 

1 

.30 

33.9 

399 

2 

—8 

-1 

-1 

1 

.35 

34.0 

400 

1 

-1 

+7 

0 

0 

.40 

34.1 

400 

0 

-1 

0 

0 

0 

.50 

34.2 

403 

3 

3 

+4 

-2 

0 

.60 

34.3 

406 

3 

0 

-3 

-1 

0 

.70 

34.5 

407 

1 

-2 

-2 

-1 

0 

.80 

34.6 

415 

8 

7 

+9 

-4 

-1 

o 

o> 

• 

34.7 

424 

9 

1 

-6 

-5 

0 

1.00 

34.8 

430 

6 

-3 

-4 

-3 

0 



EM* K© 



1 

41 

42 

43 

44 


- n 


frn+l - 



“ 24 

h 



y 

- ^3 

1 




24 


- AT" 

T n 

0 




1160 

.05 


321 

16 

1144 

.10 


340 

17 

1127 

.15 

0 

360 

18 

1109 

.20 

0 

378 

19 

1090 

.25 

0 

392 

20 

1070 

.30 

0 

[ 398 

20 

1050 

.35 

0 

| 400 

20 

1030 

.40 

0 

| 400 

20 

1010 

.50 

0 

i 401 

40 

970 

.60 

0 

; 405 

40 

930 

.70 

0 

406 

41 

889 

.80 

0 

■ 4JJl 

41 

848 

.90 

0 

419 

42 

806 

1.00 

0 

427 

43 

763 



0.269 

.289 

.311 

.334 

.355 

.371 

.380 

.388 

.396 

.415 

.437 

.458 

.489 

.526 

.564 
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Solution, for Mach number distribution . - Columns 46 to 59 con- 
st itute the solution, of equation. (9) for 3M^/cLy. 


1 

46 

47 

48 

49 

50 

51 

52 

53 


1 + 

Table I 

rpinBrJH 

(l)ancL 

0.00780 


(T)and 

Table I 





fig. 4 

MBM 



fig. 7 


7 





4fb 



1 cLA 




% 


Sh 



1 

A dy 

ir 

0 

1.2686 

1.9799 

0.536 

0.00440 

1.773 


1.237 

2.20 

1.0834 

.01 

1.2659 

2.1626 

.586 

.00445 

1.753 


1.167 

2.174 

.89586 

.02 

1.2632 

2.3428 

.635 

.00450 

1.733 


1.098 

2.130 

.76158 

.03 

1.2605 

2.5220 

.684 

.00455 

1.714 


1.030 

2.080 

.66047 

.04 

1.2579 

2.7045 

.735 

.00460 

1.696 


.961 

2.030 

.58025 

.05 

1.2552 

2.8872 

.785 

.00465 

1.677 


.892 

2.000 

.51628 

.06 

1.2525 

3.0665 

.834 

.00470 

1.660 


.826 

1.955 

.46516 

.07 

1.2498 

3.2630 

.888 

.00475 

1.642 


.754 

1.920 

.41886 

.08 

1.2471 

3.4536 

.941 

.00480 

1.625 


.684 

1.880 

.38191 

.09 

1.2444 

3.6454 

.994 

.00485 

1.608 


.614 

1.848 

.35029 

o 

H 

• 

1.2417 

3.8545 

1.052 

.00490 

1.592 


.540 

1.820 

.32107 

.n 

1.2391 

4.0462 

1.105 

.00495 

1.576 


.471 

1.786 

.29805 

.12 

1.2364 

4.2534 

. 1 .153. 

.00500 

1.560 


.397 

1.750 

.27652 

.13 

1.2337 

4.4563 

1.219 

.00505 

1.545 


.326 

1.718 

.25812 

.14 

1.2310 

4.6745 

1.280 

.00510 

1.529 


.249 

1.692 

.24079 

.15 

1.2283 

4.8852 

1.340 

.00515 

1.515 


.175 

1.661 

.22603 

.20 

1.2149 

6.0261 

1.664 

.00540 

1.444 

- 

.220 

1.531 

.16923 

.25 

1.2015 

7.2632 

2.020 

.00564 

1.383 

mm 

.637 

1.425 

.13255 

.30 

1.1880 

8.6378 

2.421 

.00587 

1.329 

- 

1.092 

1.325 

.10663 

.35 

1.1746 

10.075 

2.846 

.00610 

1.279 

- 

1.567 

1.240 

.08842 

.40 

1.1612 

11.629 

3.312 

.00631 

1.236 

- 

2.076 

1.170 

.07458 

.50 

1.1343 

15.081 

4.368 

.00668 

1.168 

- 

3.200 

1.050 

.05528 

.60 

1.1074 

18.945 

5.588 

.00695 

1.122 

mm 

4.466 

.940 

.04283 

.70 

1.0806 

23.173 

6.977 

.00715 

1.091 

- 

5.886 

.809 

.03434 

.80 

1.0537 

27.948 

8.602 

.00730 

! 1.068 

- 

7.534 

.660 

.02806 

.90 

1.0269 

32 .155 

10.148 

.00741 

1.053 

- 

9.095 

.490 

.02417 

1.00 

1.0000 

35.336 

11.471 

.00749 

1.041 

—10 .430 

.254 

; .02186 
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- 0.2914 - 0.471 

- .2446 - .345 

- .2110 - .261 

- .1856 - .201 

- .1654 - .156 

- .1492 - .123 

- .1365 - .098 

- .1247 - .076 

- .1154 - .060 

- .1074 - .048 

- .0999 - .037 

- .0941 - .029 

- .0885 - .021 

- .0838 - .016 

- .0793 - .011 

- .0755 - .007 

- .0601 .005 

- .0492 .010 

- .0405 .012 

- .0343 .013 

- .0295 .012 

- .0229 .011 

- .0187 .010 

- .0157 .008 

- .0137 .007 

- .0127 .007 

- .0123 .006 



dy 

- 3.244 

- 4.006 

- 2.609 

- 3.199 

- 2 .233 

- 2.705 

- 1.936 

- 2 .323 

- 1.696 

- 2.017 

- 1.515 

- 1.787 

- 1.371 

- 1.606 

- 1.219 

- 1.420 

- 1.103 

- 1.278 

- 1.008 

- 1.163 

- .921 

- 1.058 

- .848 

- .971 

- .779 

- .889 

- .720 

- .820 

- .668 

- .758 

- .620 

- .703 

- .443 

- .498 

- .331 

- .370 

- .253 

- .282 

- .199 

- .220 

- .161 

- .179 

- .109 

- .121 

- .076 

- .085 

- .053 

- .061 

- .036 

- .043 

- .023 

- .029 

- .011 

- .017 



0.807 

.494 

.382 

.306 

.230 

.181 

.186 

.142 

.115 

.105 

.087 

.082 

.069 

.062 

.055 

.205 

.128 

.088 

.062 

.041 

.058 

.036 

.024 

.018 

.014 

.012 
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Columns 59 to 62 constitute a difference table. Equation (24) 
is solved for in columns 63 to 68; the column headings 

indicate the required calculations. 
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When the differential equations for the flow in the "blade coolant 
passages have "been solved for the total temperature and the Mach num- 
ber distributions, the pressures and the velocities can readily be 
found from equations (16) and (17), respectively. The computational 
schedule-for obtaining the static -pressure and velocity distributions 
of the cooling air along the blade coolant passage is as follows: 


1 

71 

72 

73 

74 

75 

y 

From 

M 


1 + 0.185(g) 2 

1 + ZriM 2 

From 
fig. 3 

i 

A 

■KM 

0 

0.629 

1 1160 

1.0732 

0.000194 

1.000 

.05 

.515 

[ 1144 

1.0491 

.000215 

.9023 

.10 

.443 

1127 

1.0363 

.000236 

.8220 

.15 

.391 

1109 

1.0284 

.000259 

.7490 

.20 

.351 

1090 

1.0229 

.000281 

.6904 

.25 

.319 

1070 

1.0189 

.000303 

.6403 

.30 

.292 

1050 

1.0159 

.000324 

.5988 

.35 

.272 

1030 

1.0137 

.000346 

.5607 

.40 

.252 

1010 

1.0118 

.000367 

■ .5286 

.50 

.220 

970 

1.0090 

.000409 

.4743 

.60 

.195 

930 

1.0072 

.000451 

.4302 

.70 

.175 

889 

1.0059 

.000491 

.3951 

.80 

.161 

848 

1.0049 

.000530 

.3660 

.90 

.149 

806 

1.0042 

.000562 

.3452 

1.00 

.141 

763 

1.0038 

.000590 

.3288 
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1 

76 

77 

78 

79 

80 

81 


0.629 

■§|B| 

1.0732 

m 


dm 

B 

■ 


w 

1 + ZjpMp 2 
1 + 2— M 2 

p/pt 

w/w T 


0 

1.000 

1.0000 

1.000 

1.000 

1.000 

1.000 

.05 

1.221 

.9931 

1.023 

1.011 

1.106 

.8223 

.10 

1.420 

.9856 

1.036 

1.018 

1.171 

.7066 

.15 

1.609 

.9778 

1.044 

1.022 

1.204 

.6211 

.20 

1.792 

.9694 

1.049 

1.024 

1.228 

.5539 

.25 

1.972 

.9604 

1.053 

1.026 

1.244 

.4997 

.30 

2.154 

.9514 

1.057 

1.028 

1.261 

.4541 

.35 

2.313 

.9422 

1.059 

1.029 

1.257 

.4192 

.40 

2.496 

.9331 

1.061 

1.030 

1.268 

.3851 

.50 

2.859 

.9144 

1.064 

1.032 

1.280 

.3301 

.60 

3.226 

.8954 

1.066 

1.032 

1.282 

.2864 

.70 

3.594 

.8754 

1.067 

1.033 

1.284 

.2516 

.80 

3.907 

.8550 

1.068 

1.033 

1.263 

.2261 

.90 

4.221 

.8335 

1.069 

1.034 

1.256 

.2042 

1.00 

4.461 

.8110 

1.069 

1.034 

1.230 

.1880 


The variations in static pressure, total temperature, Mach 
number, and velocity of the coolant from the tip to the root of the 
blade coolant passage, as obtained in the numerical example, are 
presented in figure 7. 


APPROXIMATE CLOSED -FOEM SOLUTION OF MEES3-Y EQUATION 

In the preceding schedule of computations, 45 columns are used 
to calculate the temperature distributions and 25 to compute the Mach 
numbers along the passage. Of the first 45 columns, 38 could be 
eliminated if average values of the coefficients in equation (8) 
could be used so as to make possible a closed-form solution. This 
simplification will accordingly be made and the results will be 
compared with those Just obtained. 
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Inspection shows that the energy equation (8) can he reduced 
to the form of a linear equation of the first degree with constant 
coefficients hy the following simplifications: 

1. Heglect the term (1-A) Ig, which is usually less than 
2 percent of unity. 

2. Use mean constant values for the coefficients of T T M 
and 1 - y, and for the last term. 

Under these conditions the solution of equation (8) is (appen- 
dix B) 


T m ■ K e^ 1 - 7 + + % - % e K ' l3r j e dy (59) 

Jo * 


where 


K- - 'b 

w Op (l+K) 


ho 2 v (l+X) 

J^O^O 


% 


(iff w (l+X) 


(h+r^) - 


c^w^l+S) 2 

_ - 2 t 2 
^S®o,w l 0 


‘and where K is the integration constant. 

If T g#e in equation (39) can also he replaced hy a constant 
mean value^the last term simplifies to T g#e so that equation (39) 
can he written (appendix B) 
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If the total temperature of the cooling air at the tip is known, 
the -value of the constant of integration, is determined hy ma.TH ng the 
substitutions 


tjt** 


T 


it 

T 


and 


y*0 


in equation (40) . Thus, 


K = T'Vp 



(41) 


A numerical example employing equation (40) is presented in 
appendix G. A method of calculating Tg^ e from the temperature at 
the combustion-chamber exit is given in appendix E. 

The approximate cooling-air total -temperature distribution may 
be determined independently of the momentum equation by means of 
assumptions 1 and 2. (See appendix I.) These assumptions lead to 
equation (39) . The additional assumption that is constant 

leads to equation (40) . In addition, the constant K may be eval- 
uated at either the root or the tip of the blade coolant passage 
(appendix B), depending chi the location of the known conditions. 


COMPARISON OF SOLUTIONS AND DETERMINATION 
OF BLADE -METAL TEMPERATURES 

Three solutions have been presented for the energy equation (8), 
whereas only an open-form solution has been presented for the momentum 
equation (9). A discussion of the three solutions for the energy 
equation as applied to the numerical example follows: 

Solution A . - The energy equation (8) was solved numerically 
and simultaneously with the momentum equation to obtain the dis- 
tribution of T w along the blade coolant passage. When such a 
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solution was employed in the numerical example, the following par- 
ameters , which depend on the “blade geometry, were allowed to vary 
with y: A, D^, Z, and Lf, as specified “by figures 3(a), 3(h), 

3(c), and 3(d), respectively. In addition, the distributions of 
W/Wg and T g ^ e specified in figures 3(f) and 3(g) were assumed. 

The variation of Cp with temperature was also taken into account. 

Solution B . - A solution for the energy equation in which all 
the parameters dependent on the geometry of the blade were assumed 
constant aixL equal to the respective values at midspan (y = 0.5) is 
presented in equation (39) . An average value of W/Wg was employed 
and the heat -transfer coefficients were evaluated at an assumed 
average blade-metal temperature, which was later checked. The varia- 
tion in Tg^ e along the span as specified in figure 3(g) was used 

Solution C . - The energy equation may be solved with equa- 
tion (40) by assuming all parameters, including Tg^ e , oonstant and 
equal to their respective mean values. For the purpose of comparing 
results with the numerical example of this report, the integrated 
mean value T g e = 1967° E given in figure 3(g) was used. 


Comparison of Three Methods of Solution 

Solutions of the energy equation in the three forms (equa- 
tions (8), (39), and (40)) were calculated by using the values of 
the parameters listed for the numerical example. Errors in the 
calculation of the cooling-air total temperature obtained by ccm- 
paring solutions A, B, and C are presented in figure 8(a) . The 
three distributions agree reasonably well, although average values 
of certain parameters were employed in solutions B and C. The max- 
imum deviations from the values of T" obtained from solution A are 
as follows; 


Solution 

7 

Deviation of T" 



(percent) 

B 

0.8 

1.6 

C 

1.0 

2.3 


For solution C, the values of T" agree olosely with the values 
obtained from solution A except near the root of the blade. Inasmuch 
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as T” affects the values of M, p, and W, further comparisons 
•will he made employing solution. C, in which the largest deviation in 
T" occurred. 

Variations in M, p, T", and V obtained from solution A and 
equations (9), (16), and (17) are shown in figure 7. Similar computa- 
tions were made for solution C; these computations agreed quite 
closely with the values in figure 7. Figure 8 shows the percentage 
errors due to the use of the simplified energy equation in solution C. 
The maximum percentage deviations in two ratios between solution A 
and solution C are 


Eatio 

y 

Deviation 

(percent) 

p/p[i 

M/Mj, 

0.5 

.5 

2.1 

1.5 


The maximum errors are thus approximately 2 percent. 


Blade -Metal Temperature Distribution 

The blade-metal temperature distribution obtained from solution A 
is presented in figure 9. Far comparison, plots of Tg^ e and T n 
are shown in the same figure. No attempt was made to account for the 
effect on % of heat conduction to the rim, but the region of appre- 
ciable influence is indicated. Also shown in figure 9 are two approx- 
imate distributions of the blade temperature obtained from the equation 


XT- e + T" 

* * - Kx - (42) 


In one of these plots of a constant mean value of X was used. 

In the second of these plots, X was considered to vary only with ' 
the change in geometric configuration of the blade along the span 
and is given by the following equation: 

_X 

G f 


X 


(43) 
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In both cases, the -values of T" obtained from solution C and the 
values of T g ^ e shown in figure 9 were used. 

In the case of a constant mean value for A, the agreement in 
Tg with solution A is rather poor near the tip of the blade. At the 
tip of the blade, the constant value of A caused a deviation in T B 
of 9 percent from the value obtained from solution Aj the marl mum 
value of Tg deviated from the maximum value of Tg from solution A 
by 4 percent. 

In the case of a variable A, rather close agreement was 
obtained between the approximate value of T B and the value 
obtained in solution A. At the maxi mum values of Tg, the devia- 
tion for a variable A is 1 percent. 


Conclusions Based on Numerical Example 

The numerical example presented suggests the following conclu- 
sions: 


1. Solution C may be employed with reasonable accuracy in the 
computation of the distributions of T", M, W, and p in the blade 
coolant passage. 

2. Solution A should be employed for a close distribution of Tg 
along the blade coolant passage. 

3. In order to estimate values of Tg, solution C may be 
employed in conjunction with a value of A that is allowed to vary 
according to the variation in blade geometry. 

The numerical example chosen is rather an extreme case in that 
the flow-area variation was about 300 percent along the coolant pas- 
sage; this value is larger than likely for a practical cooled blade. 

In most cases, the variations along the span would be less than for 
this example anfl the differences between the approximate curves 
(obtained by using constant mean values) and the more exact curves 
(obtained by using values that are allowed to vary along the span) 
would therefore be smaller. 


Effect of Errors in Friction and Heat-Transfer Coefficients 

The use of mean oonstant values for the coefficients of the 
variables T and y in the working equation (8) has previously 
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■been shown bo produce only small, variations from the values of the 
pressure and velocity ratios obtained by taking all variations along 
the span into account. 

The effect of changes in the values of these constants on the 
computed pressure ratio has been studied by means of additional 
unpublished calculations for constant flow area; the changes due to 
the other factors could thus be evaluated. 

Under these conditions, the influence of the friction coeffi- 
cient (appendix J) was found to depend markedly on the Mach number 
at the tip. For example, in one case for which the exit Mach number 
was approximately 0.4, a change of 30 peroent in the friction, coeffi- 
cient produced a change of only 8.0 percent in the pressure ratio 
Pk/pp. At an exit Mach number of app ro ximately 0.8, an 8-percent 
change in the friction coefficient produced a change in the pressure 
ratio of about 17 percent. The pressure ratio is thus ah cut six 
times as sensitive to variations in the friction coefficient at a 
Mach number of 0.8 as at a Mach numb er of 0.4. 

The effects of variation in Mach number on the heat-transfer 
coefficient are the reverse of those noted for the friction coeffi- 
cient; that is, at the low Mach numbers, changes in the heat -transfer 
coefficient have a greater relative influence on the pressure ratio 
than at the high Mach numbers . Because changes in the heat-transfer 
rate produce ohanges in both the energy and momentum equations, the 
beat -transfer rate affects the temperature distribution. 

The' equations were recomputed for an exit Mach number of 0.4 
with the inside heat -transfer coefficient ohanged 10 percent. A 
change in pressure ratio of 0.4 percent was obtained. The pressure 
ratio is thus fairly insensitive to changes in the heat-transfer 
coefficient. In a hollow blade without fins, variations in the heat- 
transfer coefficient would be slightly more influential; a 10-peroent 
change in the heat-transfer coefficient would effect a change in the 
pressure ratio of 0.9 peroent. 


SUMMARY AND COHCEUSIONS 

The effects of area change, wall friction, heat transfer, and 
rotation on the air flow in the coolant passage of a hollow turbine 
blade were investigated. Special forms of the differential equations 
for the conservation of energy and momentum were derived from the 
equation of state, the continuity equation, and the general forms 
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of the energy and momentum equations . The differential energy equa- 
tion was developed in terms of the coolant total temperature anfl the 
passage location; the differential momentum equation was developed in 
terms of the coolant Mach number and the passage location. 

A numerical method was devised for solving these tvo differen- 
tial equations simultaneously under the ' general conditions that an 
the coefficients in the equations could be arbitrarily varied along 
the coolant passage; the method also permits varying the combustion- 
gas effective temperature and relative velocity at the entrance to 
the rotor. Equations were derived for calculating the static pres- 
sure and the relative velocity of the coolant directly frcm the solu- 
tions of the differential equations. 

A simplified solution of the energy equation was obtained in 
which mean constant values were used for the coefficients of the 
variables T and y so that the solution could he given in a 
simple closed form. 

Tables of the pertinent Mach number functions previously pub- 
lished were extended so as to include all the required functions of 
Maoh number, a smaller interval in Mach number, and values of the 
ratio of specif io heats equal to 1.37 and 1.40. 

Bumerloal examples were solved by use of both the general solu- 
tion of the differential equations and a solution using the simplified 
solution of the energy equation. Plots of the results obtained for 
an example solved by the two methods indicate that the simplified 
solution results in distributions of the Mach number, static 
pressure, total temperature, velocity relative to the blade, and 
static pressure of the coolant that are within 2 percent of the 
values obtained from the more rigorous general solution. 

The most precise values of the blade -metal temperature distribu- 
tion were obtained from the general solution, which requires the 
simultaneous nume rical solution of 'the differential equations for 
the conservation of energy and momentum. The blade -metal temperature 
distribution may be estimated by using the simplified solution of 
the energy equation. In this case, the ratio of the outside to the 
inside heat-transfer coefficient was varied according to the varia- 
tions in the geometrical configuration only when used in the relation 
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for the "blade -metal temperature. The combustion -gas effective tem- 
perature distribution was also used in the relation for the blade - 
metal temperature. 


Lewis Flight Propulsion Laboratory, 

national Advisory Committee for Aeronautios, 
Cleveland, Ohio. 
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APPEHDIX A 
SYMBOLS 

Blade sketches and configurations are shown in figure 1 with the 
pertinent symbols indicated. 

When Cp, M, p, Be, T, 7, n, and p appear without sub- 
scripts, the fluid inside the passage is referred to. The subscript 
g is employed to designate the combustion gas flowing outside the 
blade. 

The following symbols are used in this report: 


A 

a B 

a 

b 

Cp 

Dh 

dPfr 

*b 

f 


flow area, sq ft 

cross-sectional area of blade, sq ft 
velocity of sound, ft/seo 
blade length or span, ft 

specific heat at constant pressure, Btu/(lb)(°F) 

hydraulic diameter, 1 frfof 8 , ft 

v6"fcuscL pcrinuso©!* 

friction differential pressure drop, lb/sq ft 
generalized body force, lb/(lb coolant) 
friction coefficient 


G 

Gr 

g 

E 
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*T 

*R 

% 

^E,e 

J 

k 

L f 

l 

M 

m 

IT 

Hu 

Pr 

P 

P" 

a 

B 


function of Mach, number and ratio of specific heats 
(equation (18)) 

influence coefficient for term involving .friction 
(equation (13)) 

influence coefficient for term involving rotation 
(equation (11)) 

influence coefficient for term involving rate of 
temperature change (equation (14)) 

influence coefficient for effective temperature 
correction (equation (10)) 

mechanical equivalent of heat, ft-lb/Btu 

constants 

thermal conductivity, Btu/(eec)(ft) (°F) 

mean half -width of fins in blade coolant passage, ft 
(See fig. 1(d).) 

perimeter, ft 

Mach number relative to blade, ¥/a 

distance between adjacent fins in blade coolant 
passage, ft (See fig. 1(d).) 

rotative speed, rps 

Husselt number, HD^/k 

prandtl number, CpMg/k 

static pressure, Ib/sq ft absolute 

total pressure with respect to rotating passage, 
lb/sq ft 

beat added to coolant, Btu/(lb coolant) 
gas constant, ft -lb/ (lb) (°E) 
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Reynolds number, pD^W/i* 

radius, ft 

static temperature, °E 

total temperature with respect to rotating passage, 
°R 

hlade speed, ft/sec 

absolute Telocity, ft/seo 

velocity relative to rotating passage, ft/sec 

velocity of combustion gas relative to blade at 
entrance to rotating blades, ft/seo (See 
fig. 2(b).) 

coolant weight flow per blade, lb/seo 

fraction of outside blade perimeter having laminar 
boundary layer 

nondime ns lonal coordinate (r^+b-rj/b 

stator-blade exit angle measured frcm tangential 
direction, deg (See fig. 2(b).) 

t hemal poefficient of volume expansion at constant 
pressure, °R~ 1 , p — 

ratio of specific heats 

first, second, and third differences when employed 
with a variable 

first, second, and third differences for reduced 
interval 


heat -transfer parameter. 


(r-r h ) 


H 0 2o + Eili\ 

■v k B A B / 


stator efficiency 
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e 

A 

P- 

P 

T 

CP 

(0 

Subscripts : 
ST 

B 


ex 

f 

6 

h 

i 

14 

in 

n 

o 

r 


temperature -ratio faotor 
recovery coefficient 
ratio, (EoZoJ/CHili) 
visooslty, slugs/ (ft) (sec) 
mass density, slugs/cu ft 

thickness of fins in "blade coolant passage, ft 
(See fig. 1(d).) 

heat-transfer parameter, (2H-jJ /(k;gT) , ft - '* - 

angular velocity, radians/sec 

average 

blade (with T denotes average at radius in question) 

effective 

stator exit 

fins 

combustion gas 

entrance to blade coolant passage (sometimes blade 
root) 

inside of blade 
ideal 

stator inlet 
any number 
outside of blade 
reduced size 
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T tip of "blade 


u 

vK 

v 

. . . n 

Reference or 


tangential 
von Karmen 

gas properties "based on -wall temperatures 
stations in coolant passage 

mean values of any quantity are designated "by a "bar. 
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APPENDIX B 

DEKE7ATI0H OF EKEEGY EQUATION 
The general form of the energy equation is (reference 2) 


4 1 + P b to. Cj j I + jl ^_ 


( 3 ) 


In a rotating passage, F B is the centrifugal force on the fluid so 
that 


F v dr = ** 

15 6 


(44) 


The total, temperature of the cooling air may he defined as 


T" « T + 


W 2 


2Jgc T 


( 6 ) 


vhioh vhen differentiated and multiplied by Cp yields 


c_ ar" = c^ ar + d w2 

P P 2gJ 


(45) 


Bov 


dq 


(T B “ T e > 


V 


( 46 ) 


w-nd the heat entering the outside blade surface from the hot gas 
equals the heat flowing into the cooling air through the inside 
blade surface so that 
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H o,^o( T g,e - T B> = E i Z i( T B " T e> H 7 > 

If A is defined as 


A 




(48) 


equation (47) "5600068 


T- 


B 


+ - Z e 

1 + A 


(47a) 


The substitution of equation (47a) into equation (46) results in 


dq c JL. 

H 1 + A v 


(49) 


Substitution of equations (44), (45), (48), and (49) into equation (3) 
and division of the resulting equation by Cpdr results in the 
expression 


dT 11 o£r , ^o.v^o 
dr “ gJTop (1 + A)cpV 




- T e ) 


(50) 


The recovery coefficient is defined as 


Ai = 


T e - T 
T" - T 


(51) 
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from which 


T e - A ± T w + (1 - A ± ) T 


(52) 


The temperature I in equation. (52) may "be replaced "by its equivalent 


T 


l + Z^K 2 


(S3) 


so that after algebraic manipulation equation (52) beocmes 


T e * T 


n f l + 4 1— M 2 ' 
i + 2 ^m 2 


(54) 


y *| p 

Addition end subtraction of (1 - A i )—— to the numerator of equa- 
tion (54) results in the following relation between T e and T": 


t 6 = r 


y**^- m2 

1 - (l-^i) 

1 + ^M 2 


(55) 


The replacement of 




7-1 u2 
1 + ^ M 2 


( 56 ) 
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in equation (55) and the substitution of the sane equation into equa- 
tion (51) results in the following form of the energy equation; 


JT - ^ + j*S,e - T " t 1 - t 1 * A i> < 57 > 

It is convenient to replace r by the nondimensional quantity 
y defined as 


r * r h + (1 - y) b (58) 


from which 


dr « -b dy (59) 


The introduction of equations (58) end (59) into equation (57) results 
in the working form of the energy equation 



dy 


^^o.w^o 

VOp (l+\) 



!" jV- (1 -Ai) I*,jj] 


b^o 2 fl ) 

Jgcp “ 7 JgOp 

( 8 ) 


Closed -form solution of energy equation with T gje as function 

of y . - In many cases, A^ can be assumed equal to unity in equa- 
tion (8) without introducing a sizeable error in the resulting T n 
distribution. If mean values are then chosen for the coefficients, 
equation (8) may be written in the following form: 

dT” _ ^ H o,w^o „ b^oo 2 y . b 2 ^ _ tH OjV^o T _ ’ br h < *^ 

37 wc p (l+X) jgo p Jgo p vo p (lA) &,B Jgc p 


( 60 ) 
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where Tg^ e Is a known function of y. Equation (60) Is a first- 
order linear differential equation with, constant coefficients apfl 
Its solution is given by (reference 17, p. 50) 


f- 

T" e 


■wc p (l+X) 



gotwVr 


wCp(l+X) 



7 


^2^2 brjjO? 
JgCp JgCp 


^o,v Z o T 

vcUCl+X) 


S >e 


dy + K 


(61) 


where K is the constant of integration. The integration of equa- 
tion (61) results in 


T" = K e Kl7 + E 2 y + % - E x e** 7 /^ T gjS e"^ 17 dy 

(39) 

Jo 



(62) 

Eg - - 

J ^o,w^o 

(63) 

K. » S&QaS. (iH-rjj) - 

(64) 
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The integration constant K may "be determined from the "boundary 
conditions at either end of the "blade coolant passage . At the "blade 
tip. 


y ■ o 


and 


T" - T T n 


The substitution of these values into equation (39) yields the follow- 
ing value for the integration constant* 


K m T" T - Kg 


(65) 


At the blade root 


y - 1 


and 


T" 


= T 


n 

h 


so that the substitution of these -values into equation (39) results 
in the following value of the integration constant : 


K * e 






(65a) 


Closed -form solution of energy equation when Tg,e is assumed 
constant . - In addition to the assumption that the parameters are 


66TT 
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constant and equal to a mean value In equation (60), an unweighted 
integrated mean value of T g ^ e (fig. 3(g)) may "be employed. Equa- 
tion (39) then becomes 

T" = E8 K l y + Kjjy + E 3 + T Sf& (40) 


As in the previous section, the value of the constant K may be 
evaluated at either end of the blade coolant passage . When the value 
of is known (y = 0) 


K - - K 3 - T g#e 


(41) 


and when the value of T"^ 


is known (y 


1 ) 


E = e- K l (t\ - E 2 - K 3 - T gjS ) 


(41a) 
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APPENDIX C 

DERIVATION OF MOMENTUM EQUATION 

The general form of the momentum equation 1 b (reference 11, 
P. 117) 


SB . to + SJ2 + S£E „ 0 


PS 


g 


Pg 


The infinitesimal pressure drop due to friction is 


**>-H&'* 


( 4 ) 


( 66 ) 


In a rotating passage, F^ is the centrifugal force as before so that 


Jr = («) 

The substitution of equations (66) and (44) into equation (4) results 
in the following form of the momentum equation: 


- a £r dr + V dff + 2ftf2 . a y « 0 
P D h 

From the definition of Mach number, 

W 2 ■ M 2 a 2 


(67) 


= M 2 7gRT 


( 68 ) 
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When equations (1) and (68) are combined 


pW 2 « 7lM 2 (69) 


and 

p = E& (70) 

tr 


The substitution of the expression for p (equation (70)) into equa- 
tion (67) yields 


- 

P 


or 


d£ + 
P 


This result agrees with equation (9) of reference 1. For a numerical 
solution, equation (71) must be transformed into an equation similar 
to equation (19) of reference 1, in which the only unknown quantity 
is M 2 . This equation can then be solved for M 2 or M; pressures, 
velocities, densities, and so forth at any point along the passage 
can then be found by means of equations (21) to (26) of reference 1. 

In order to make the transformation of equation (71), equa- 
tion (1) is written in the form 


W 2 


r dr + zw dW + 
2W 2 


7 

2 


4f dr 


7 M 2 d(W 2 ) 7 M 2 f if dr _ (£r dr \ = 


W 2 


w 2 ^ 


(71) 


log e p = log e p + loge g + logg E + loge T 


(72) 
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and differentiated so as to result in 

dp _ dp _ t . dT 
p P T 

A similar operation on equation (2) yields 

0 - M 

p W A 

The substitution of equation (74) into equation (75) results in 

dp dl dW dA 
p “ T “ W " A 

From the logarithmic differentiation of equation (68), 


d(W 2 ) = + dT 

W 2 M 2 T 


(73) 


(74) 


(75) 


(76) 


or 


Finally, 


2W dW 2M dM dT 
" M 2 T 


dJ£ dM, 1 dT 
V * M + 2 T 


( 77 ) 



1199 


HACA EM E50E04 


59 


The substitution of the equations (75) to (77) into equation (72) 
yields 


® .1.1® .4A..7M 2 /a M 2 j. dS\ 7 M 2 /4f dr _ Opr dr\ _ 

T M 2 T A 2 ^ tJ 2 V ^ yZ /z J 

(78) 


or 


dT /'l + 7 M 2N ) + 7 M 2 / 4f dr _ affr dr\ = 3M + dA _ 7 M? dM 2 ^ ?g j 
T V2 2 ) 2 \ W 2 ^ / M A 2 M 2 


The relation between the total and static temperature is 

T" » T (l + M 2 ) (80) 

which when logarithmically differentiated results in 

7-1 h 2 

ai _ ar" _ 2 6m 2 (s1) 

1 T " l + 


The substitution of the value of dT/T from equation (81) into 
equation (79) yields 
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If In equation (69) "both sides are multiplied by l/2 and the 
value of T is replaced by its equivalent frcaa equation (80), the 
following relation results; 


si 

2 


7ggr" m 2 


2 



(83) 


The substitution of the value of W^/2 frcaa equation (83) Into 
equation (82) yields the following results when both sides are mul- 
tiplied by M 2 , as in reference 7. 


M 2 (1 + 7M 2 )(1 + Zzi M 2 ) Jm „ 


7M 4 1 

v 1 + tjr* 1 ) 


f*r to aaZr 1 

+ M 2 )] 

(1 - M 2 ) 

L ^ 7gEC n M 2 J 


2M2 (1 t ^ M 2 ) ^ 
(1 - M 2 ) A 


(84) 


In order to oonvert r to a dimensionless quantity, it is con- 
venient to substitute 

r » r h + (l-y)b (58) 

into equation (84). The incorporation of this substitution into 
equation (84) results in the final form of the working equation 
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aB in reference 7. The values of I^, If, Ig, and Irp may he 
determined as functions of M and 7 from table I. 
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APPENDIX D 

DERIVATION OP POIMJLA POE TIP MACH NUMBER 

The value of the Maoh number at the coolant -passage exit is 
determined from, the continuity equation (2) -written in the form: 


w 2 = A 2 W 2 p 2 g 2 


and the definition of the Mach number 


M 2 « 


7gBT 


(85) 


( 86 ) 


The elimination of W 2 from equations (85) and (86) results in 


M 2 = 


A 2 p 2 g 3 7ET 


(87) 


The value of p from equation (1) is then introduced into equa- 
tion (87) so that 


M2 - jfiffi- (88) 

A 2 g7p 2 


Finally, the value of T from equation (80) is introduced into 
equation (88) with the result that 


7M‘ 


i 1 


w 2 !^" 

*2 2 
A gp 


(18) 


The value of the tip Mach number corresponding to the right side of 
equation (18) can be determined from table I. 
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. AREEKDIX E 

OUTSIDE HEAT-TRMSFER COEFFICIEET 

A limited amount of data exists on the outside teat -transfer 
coefficients for impulse turbine blades. A series of investigations 
■was therefore conducted with, hot air (300° F) flowing across cooled 
blades. The blades were of the symmetrical impulse type arranged in 
a straight static cascade. 

Theory indicates (reference 18) that in order to correlate heat- 
transfer data the temperature ratio T^/T must be included as one of 
the dimensionless parameters with Hu, Re, and Pr . The previously 
mentioned experimental data were found to correlate on the basis of 
the wall temperature; equation. (3) is the relation recommended from 
the data. The data, which included the range 2 x 10 4 < Re < 10®, 
may not apply under conditions differing widely from those Inves- 
tigated. 

5SjX = 0.75 (pr K v r (3°) 

k S,ir V. ) \ e ’ J 

In equation (30), the fluid properties are based on T-g, the 
value of whioh must be assumed In order to initiate the computations. 
The velooity Tfg and the density Pg,v are determined at the rotor 
entrance. The value of ¥ g Is obtained from, equation (102) and the 
value of' Pg,v iB obtained from the relation 


p 6*v 


Pex 

sRE b 


(31) 


The value of 0 utilized In equation (30) is the outside perim- 
eter of the blade divided by it. The variation of p ei along the 
blade is neglected because It is small compared with the variation 
of T b . 
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APPENDIX F 

INSIDE HELAT -TRANSFER COEFFICIENT 

No data exist for the correlation of the heat -transfer coef- 
ficient on the inside of rotating turbine blades. The prediction of 
the inside heat -transfer coefficients must therefore be accomplished 
by the modification of correlations for beat transfer in pipes. 

Like the friction coefficient, the Inside heat -transfer coef- 
ficient is a function of the distance frcm the entrance to the 
passage in the region of nonstabilized flow. Variations of the 
coolant -passage inside heat-transfer ooeffioient, however, affect 
the Mach number distribution as calculated from equation (9) much 
less than f ; the variations of the inside heat-transfer coefficient 
due to entrance effects are therefore neglected herein. 

The dimensionless analysis of the Inside heat -transfer coeffi- 
cient for foroed conveotion indicates that the Nusselt and Grashof 
numbers, among other dimensionless numbers, are related. The Grashof 
number is defined as 


Gr =» 


b 3 p 2 P(o£r) (Tg-Tg) 


Beoause the acceleration <0 2 r appears in Gr, this dimensionless 
parameter may prove to have a significant effect on the Inside heat- 
transfer coefficient for a rotating passage. In stationary pas- 
sages, the effect of Gr on Nu is neglected where the acceleration 
is g. In the rotating passage, however, the acceleration (0 2 r Is 
from 10,000 to 50,000 g. No reliable correlations of the inside 
heat-transfer coefficient for forced convection that include Gr 
exist. The effect of Gr on the inside heat -transfer coefficient 
Is therefore neglected herein. In the numerical example, a numerical 
estimate indicated that the free convection airspeeds associated with 
the Grashof number effects are less than 10 percent of those asso- 
ciated with the Reynolds number. 

In reference 11 (p. 168) the following relation is presented 
for the flow of fluids In pipes: 


Nu - 0.025 (Re) 0 * 8 (Pr) 0 * 4 


(89) 
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Equation (89) results in reasonably accurate values of the inside 
heat-transfer coefficients for. heat-exchange equipment when the fluid 
properties in the dimensionless numbers are evaluated at the fluid 
static temperature. In such equipment, the fluid velocity and the 
difference between the fluid static temperature and the wall tempera- 
ture are usually small. If this temperature difference and the fluid 
velocity are large, as in aircraft heat exchangers or blade coolant 
passages, the constants 0.8 and 0.023 in equation (89) have new values 
and a different value for each wall temperature or each -temperature 
difference. In reference 13, a satisfactory correlation for a range 
of wall temperatures and a corresponding range of temperature differ- 
ences is found to exist when equation (89) is employed if all the 
fluid properties except ¥ are based on the wall temperature. In 
addition, it Is pointed out in reference 13 that the Prandtl number 
affects the correlation to such a small extent that Pr may be neg- 
lected in the correlation. The following relation is therefore 
recommended for a gas flowing Inside a pan sage at a high velocity 
with a high temperature difference between the effective gas tempera- 
ture and the wall temperature (reference 13) : 


a-A. 0.019 

^w \ / 


(35) 


For the present purpose, an equivalent form of equation (35) 
suggested by an author of reference 13 will be used. 


k 


= 0.019 ( E £il 

V A fV 


. 0.8 


(90) 


If k CD T®*®, equations (35) and (90) will be the same. They will 
be approximately the same over a moderate temperature range if the 
exponent of T is between 0.7 and 0.9. 

For a finned blade (fig. 1(d)), % v determined from equa- 

tion (35) Ib based on the total heat -transfer surface (including 
the fins) and the temperature difference between T e and the 
average of the fin temperature and the blade temperature Tg . For 
application in the energy equation (8), it is convenient to define 
for a finned blade an inside heat -transfer coefficient Ep, which 
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is "based on the heat -transfer area of the equivalent hollow "blade 
(fig. 1(h)) and the temperature difference (T b - T e ). In refer- 
ence 14, a relation is developed between E^ v and Hf for fins 
on the outside surface of a circular cylinder. If in this relation 
the radius of the cylinder is taken equal to infinity 


% 


H^ >v / 2 tanh 9 Lf 


m + T 


<?> 


+ ml 


(36) 


When finned blades are being analyzed, Hj_ is replaced by Ef in 
the energy equation (8). 


The division of equation (90) by equation (90) written in terms 
of reference values yields 



(91) 


In order to reduoe this equation to geometry and temperature 
factors, the following relations are substituted into equation (91): 



D h A *f 

Equation (94) is obtained from the definition of 
If is the total wetted perimeter of walls and fins. 


(94) 


4 x area ' 
l perimeter J 



NACA EM I50E04 


67 


The substitution yields 



Substitution, of equation (95) into equations (36) and (36) 
•written for reference -values yields 


2 tanh cp Lf 

- * (37) 

2 tanh cp 
m + .. ■ ■ ■ 

<P 


The relation for cp in terns of reference values is 



gfH = h a /' V \ 0 * 2 

%?i 7* A \J r ) \T V \%y 


and from equations (95) and (96) 
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APPENDIX G 

NUMEBICAI EXAMPLE USING MEAN VALUES FOB PAEAMETEBS 

For many purposes a closed -form solution of the energy equation 
utilizing mean values for all parameters may he employed in the 
determination of the flow characteristics of the cooling air in 
blade coolant passages. In this appendix a numerical example is 
presented in which all the blade dimensions required in the computa- 
tions are those at the midpoint of the blade (y = 0.5) and an 
integrated mean value of T g ^ e is employed. The data required are 

the same as presented in the section Assumed Conditions for Numerical 
Example. In the preceding numerical example, reference values for 
Hq w I 0 and \ were computed based on 


T" « 900° B 
T b = 1300° E 

and the blade dimensions at midspan, which are 

S o ,w T 0 - 0*01162 
X = 1.296 


These reference values may be used as a first approximation for the 
solution of the energy equation written in the form of equation (40) . 
The constants for equation (40) are 


% 


^ ^Q.V^O 
w Op(l+X) 


(0.3) (0.01162) 
(0.01689) (0.246) (2 .296) 


0.365 
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z m _ (0.5) (796) g (0.01689) (2 .296) 

2 ©THo^v^o = (32 .17) (778) (0.01162) 

a - 25.3 

( 0 2 v(l+/\) (b+r^) crafty 2 ( 1 + A) 2 

^,v?o sJHo,w 2 To 2 

(796) 2 (0. 01689) (2.296) (0.5 + 1.117) _ 0.246(796) 2 (0.01689) 2 (2.296) 2 
(32.17) (778) (0.01162) (32 .17) (778) (0.01162 ) 2 


- 50.4 


K = T” T - K 3 - Tg^ e - 1160 - 50.4 - 1967 = - 857.4 

The trial form of equation (40) employing the values of the con- 
stants Just computed is 


T" = - 857.4 e 0,365 - 25.3 y + 50.4 + 1967 (97) 


The value 


T" a 976° E 


results when y a 0.5 is. substituted into equation (97) and the 
corresponding value of T 3 is 




* T g,e + *" = (1.296) (1967) + 976 = 1535 o R 

1 + X 


2.296 
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Inasmuch as the assumed temperatures T and Tg do not agree 
with the computed temperatures, the values of and (1 + X) 

may be recomputed based on the values obtained for T" and Tg. When 
another trial had been made it was found that if the values 

T" = 980° E 

? B . 1565° E 

were assumed for the computation of the heat-transfer coefficients, 
the following results were obtained: 


Ho, w l 0 - 0.01260 

Kj 15 50 . 7 


1 + X = 2 .441 

K = -857.7 


■ 0 .373 

?" = 972° B 


Kg = -24.9 

T b = 1559° E 



Because the computed values of T" and Tg agreed closely with 

the ass ume d values, the constants just presented were employed in 
equation (40) in order to determine the errors in T n presented in 
figure 8 . 

The distributions of M, W, and p along the blade coolant 
passage were computed in the same manner as in the foregoing numer- 
ical example. 
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APEEKDIZ H 

EFFECTIVE TEMPEEATDEE 

The effective temperature T e is defined as the temperature a 
"body would assume with no heat transfer to or from, it if the body 
were placed in a high-velocity stream with the static temperature T. 
The value of T e is approximately T + 0.9(T" - T) * 

Eo relation has heretofore "been presented fen* obtaining T e,e 
when only the mean total temperature of the gas_at the combustion- 
chamber exit is specified* a relation between T S,e and A 0 will 
therefore be derived. 

Xf it is assumed that the nozzles upstream of the turbine are 
uncooled, the ideal temperature at the nozzle exit may be determined 
from, the adiabatic law: 


T g,ex,id 


T 


g,in 



(98) 


The average temperature of the combustion gas at the nozzle exit is 

T g,ex,av “ T g,in *1 g*ia “ T g#ex,id) (") 

where tj is the nozzle (stator-ring) effioienoy. When the velocity 
of the fluid entering the nozzles is neglected; the nozzle exit vel- 
ocity may "be determined from the relation 

(5g,ex) 2 “ ar «®p,g (®"g,2n “ *g,ex,av) ( 10 °) 

Finally, the combination of equations (98) to (100) results in the 
expression for the square of the combustion -gas velocity at the nozzle 
exit. 
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2J 8°p, g n *g,in 



( 101 ) 


For a nozzle, tj Is usually about 0.9. 

The velocity of the combustion gas relative to the rotating blades 
at the rotor entrance is obtained from the solution of the equation 


cos a (102) 


which is obtained from the velocity diagram of figure 2(b). The value 
of u in equation (102) is given by 



u » 2jtNr 


where 


r (*r + *h> 

3T 

2 


The effective combustion-gas temperature at 
is obtained from the definition of A Q 


A » T g* e ~ T 8 = ~ 

° ■ W 2 


v 2 

I, e * f a el + A q — — S 

g,e g,ei o 2Jgo^ g 


where the value of Tg^ ex is equivalent to Tg 


the rotor entrance 
Hsl (103) 


(104) 

in equation (103) . 
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APPEKDIX I 
RECOVERY COEEETCIEST 

The recovery coefficient enters the analysis of heat transfer to 
high-velocity streams because the temperature difference causing the 
heat transfer to such streams is (T-g - T e ) rather than (Tg - T), 
as for low-velocity streams. 

According to reference 19, the recovery coefficient A is a 
function of Ee, Pr, and M and is defined for the outside of a 
blade as 


A . T S,e ~ T g = 2J g c P,gt' I g,e ~ T g) 

° - *8 


(103) 


The corresponding recovery coefficient for the inside of the blade is 
defined as 


Ai 



(15) 


It has been established both by theory and by experiment (refer- 
ence 20) that for a laminar layer of air flowing along a flat plate 
with no pressure gradient the recovery coefficient is substantially 
independent of Ee and. M and may be represented by the equation 


A = (Pr) 1 / 2 


(105) 


Data from the same reference indicate that, for a turbulent boundary 
layer of air in subsonio flow over a flat plate, values of A in- 
crease from the value of 0.84 given by equation (105) to 0.89 as Ee 
increases . 

.The values of A obtained for turbine blades confirm the 
relation 
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A = (Pr) 1 / 3 


(106) 


presented in reference 21 for a turbulent boundary layer along a flat 
plate . 


A possible mean value for tbe recovery coefficient on the outside 
of a turbine blade A c based on the relative portions of the perim- 
eter of the blade having laminar and turbulent boundary layers is 


A q - (xHPr) 1 / 2 + (l-x)CPr) 1 / 3 (107) 


where 

x portion of blade perimeter having laminar boundary layer. 

1-x portion of blade perimeter having turbulent boundary layer. 

In reference 22, experimental data are reported on the recovery 
coefficient for the inside of a pipe having a turbulent boundary 
layer. The average value reported is A^ *■ 0.88. For the present 
report where only subsonic air flows are considered, it has already 
been mentioned that the value of A has but a slight influence on 
the result. It will therefore be sufficient to assume that 
Aq = — 0.9. 
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APPENDIX J 
FRICTION COEFFICIENT 

Considerable experimental data exist for the determination of 
the friction coefficient of fully developed flow in a passage without 
heat transfer. Few data are currently available, however, for the 
evaluation of the friction coefficient in the presence of heat trans- 
fer. In addition, entrance effects result in higher apparent friction 
coefficients than are experienced in fully developed turbulent flow 
regardless of the presence of heat transfer. The apparent coefficient 
also includes profile losses. 

The friction coefficient in the absence of heat transfer is 
defined as 


1> h d ?fr 
2PW 2 


(108) 


(This equation gives only the local value. In a passage of finite 
length, the average value of f is defined by equation (9) and is 
so chosen in this oase that the over-all pressure drop through the 
passage Is correct, although intermediate values may not be.) In 
equation (108), dpf r is the differential pressure drop due to fric- 
tion in the length of passage dr. Coolant passages In air-cooled 
turbine blades are usually noncircular so that the hydraulic diameter 
instead of the tube diameter occurs in equation (108) . The hydraulic 
diameter of a passage (fig. 1) Is equal to four times the flow area 
divided by the wetted perimeter. 

Throughout most of the passage, the flow Is turbulent. According 
to von Barman's formula, reference 11 (p. 119), the correlation 
between f and Ke fear fully developed turbulent flow in smooth 
pipes may be expressed as 


3= - 4 -° l0 * ( Ee - °’ 40 


(109) 
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A plot of equation (109), which facilitates the deter minat ion of f 
from Ee, is presented in figure 6. In reference 11 (p. 119) another 
correlation "between f and Ee is presented for a l imi ted range of 
Ee (5000 ^ Ee ^ 200,000) and Is 


0.046 , 
(Ee) 0,2 


( 110 ) 


The value of Ee required in equations (109) and (110) is determined 
from the equation 


pWDk -wDj, 
P Apg 


( 111 ) 


The friction coefficient is determined less accurately from, 
equations (109) and (110) as the rate of heat transfer Increases. In 
reference 11 (p. 121) it Is Indicated that, for small temperature dif- 
ferences "between the fluid and the passage wall, the friction coeffi- 
cient in the presence of heat transfer may "be satisfactorily determined 
from equation (109) if the mean film temperature is employed In the 
determination of p in equation (111) . The mean film temperature 
denoted here is the average of the passage -wall temperature and the 
fluid static temperature . It is suggested in reference 13 that for 
large temperature differentials between the wall temperature and the 
fluid static temperature (where the ratio of the wall temperature to 
the fluid "bulk temperature is about 2) the effect of heat transfer on 
the friction coefficient may "be accounted for through the employment 
of values of p and p in equation (111) and p in equation (108) 
"based on the wall temperature. Equations (108) and (111), respec- 
tively, then take the forms 


f = (112) 

2PW 2 p v 

Py * D h 



(113) 
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An attempt was made to correlate the data of reference 23 on the fore- 
going "basis. The -values of f in the presence of heat transfer thus 
determined were found to he considerably lower than the actual -values 
of f . Currently, it would therefore seem that the data are insuffi- 
cient to establish the theory that the -value of f in the presence 
of heat transfer may he correlated on a basis of the wall temperature. 
Examination of the data of reference 23 indicates, bcwe-ver, that the 
value of f required to satisfy equation (68) with heat transfer is 
not greater than that (except for exit Mach numbers less than 0.2) 
given by equation (109) when p. and p are determined at the stream 
temperature of the passage exit. 

The results of reference 24 indicate that values of f larger 
and smaller than predicted by equation (109) occur in the entrance 
section of a passage. In order to avoid underestimating the pressure- 
drop values of f obtained from the von Kerman relation, equa- 
tion (109) may be corrected for entrance conditions by employing 
the correction factors (reference 24) presented in the following 
table : 


b 

D h 

f 

f vK 

5 

1.43 

10 

1.35 

20 

1.20 

30 

1.10 

40 

1.05 


In this table b refers to the total distance measured from the 
entrance of the coolant passage and not merely from the root of the 
blade where heat transfer begins. 

The recommended procedure fear computing f is to calculate Ee 
corresponding to the exit conditions, determine f v g- from equa- 
tion (109) or figure 6, and then apply the correction factors of 
the preceding table where required. 

When this procedure is employed for the determination, of f, 
the fluid properties may be evaluated at T n . The small error that 
will result from this approximation can be seen from the combination 
of equations (110) and (111) . 
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f 


0.046 



(114) 


From equation. (114) , f is seen to "be rather insensitive to tempera- 


ture because p., 
the 0.2 power. 


which varies approximately with appears to 


As an example of this procedure and in connection with the 
numerical examples of this report, the friction coefficient will be 
computed. At the tip of the blade coolant passage, from figures 3(a) 
a n d 3(b) 


A = 0.000194 
* 0.0044 


and from reference 14 at a value of T" ■ 1160° E 

V = 0.66 x 10“ 6 


so that 


Be 


JL £h M (0.01689) (0.0044) 

84 ** (32 .17) (0.000194) (0.66 x 10" 6 ) 


f vK 


0.046 

(Ee) 0 * 2 


0.046 

(17, 800 ) 0 * 2 


0.0065 
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The length-diameter ratio of the passage is 


t 0»5 _ pa 

Dfc 0.0044 " 

Ho correction, for entrance effects is required. 
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TABU I - FUNCTIONS CF MACH HUMBER REQUIRED IN NUMERICAL 

IN ROTOR COOLANT 

[Digits to left of those shown for Y • 1.1)0 are sane 
appears, Indicating that next digit 


M 

. 


^ 

. V 

3 *r 

r 

r 

Y 

1.37 

1.40 

1.37 

1.40 

1.37 

1.4o 

0.002 

.004 

.006 

.008 

0.000004 

00016 

00036 

00064 

-0.0000080 

00320 

00720 

01280 

00080 

00320 

00720 

01280 

0.00319*10”® 

00351x10“! 

00178x10”® 

00561 

00224 

00358 

00181 

00573 

0.00400xl0”3 

OOI6OXIO- 2 

00360 

00640 

00400 

00160 

00360 

00640 

0.010 

.012 

.014 

.016 

.018 

0.000100 

00144 

00196 

00256 

00324 

-0.000200 
- 00288 

- 00392 

- 00512 

- 00648 

00200 

00288 

00392 

00512 

00648 

0.00137x10-5 

00284 

00526 

00898 

01439 

00140 

00290 

00538 

00918 

01470 

O.OOlOQslO-2 

00144 

00196 

00256 

00324 

00100 

00144 

00196 

00256 

00324 

0.020 

.022 

.024 

.026 

.028 

0.000400 

00484 

00576 

00676 

00784 

-0.000800 

- 00969 

- 01153 

- 01353 

- 01569 

00800 

00969 

01153 

01353 

01569 

0.02193x10-5 

03211 

04548 

06266 

08429 

02241 

03281 

04648 

06403 

08613 

0,00400x10-2 

00484 

00577 

00677 

00786 

00400 

00485 

00577 

00677 

00786 

0.030 

.032 

.034 

.036 

.038 

0.000900 

01024 

01156 

01296 

01444 

-0.001802 

- 02050 

- 02315 

- 02596 

- 02893 

01802 

02051 

02315 

02596 

02893 

o.oiinxio^ 

01438 

01834 

02305 

02861 

01135 

01470 

01873 

02355 

02924 

0.00902X10- 2 

01027 

01159 

01300 

01419 

00902 

01027 

01159 

01300 

01449 

0.040 

.042 

.044 

.046 

.048 

0.001600 
01764 
01936 
. 02116 
02304 

-0.003206 
.03535 
- 03881 
04243 
- 04621 

03206 

03535 

03881 

04243 

04621 

1.03514x10-^ 
04272 
05146 
06150 . 
07291 

03591 

04366 

05260 

06284 

07452 

0.01607x10-2 

01772 

01946 

02127 

02318 

01607 

01772 

01946 

02128 

02318 

0.050 

.052 

.054 

.056 

.058 

0.002500 

02704 

02916 

03136 

03364 

-O.OO5OI5 

- . 05425 

- 05852 

- 06295 

- 06755 

05015 

05426 

06296 

06755 

3.08588*10-^ 

01005x10-3 

01169 

01352 

01557 

08776 

01027 

01195 

01382 

01591 

0.02516x10-2 

02723 

02938 

03161 

03393 

02517 

02723 

02938 

03162 

03394 

0.060 

.062 

.064 

.066 

.068 

0.003600 
03844 
04096 
04356 
. 04624 

-0.007231 

- 07723 

- 08232 

- 08757 

- 09299 

07231 

07724 

08232 

08758 

09300 

1.01783x10-3 

02034 

02310 

02612 

02945 

01822 

02078 

02360 

02670 

03010 

0. 03663X10- 2 
03882 
04139 
04404 
04679 

03634 

03883 

04140 

04406 

04680 

0.070 

.072 

.074 

.076 

.078 

0.004900 

05184 

05476 

05776 

06084 

-0.009857 

- 10432 

- 11023 
- 11632 
- 12256 

09858 

10433 

11024 

11632 

12257 

0.03308x10-3 

03704 

04135 

04602 

05108 

03381 

03786 

04226 

04703 

05220 

0.04962xl0- a 

05253 

05553 

05862 

06179 

04963 

05254 

05554 

05863 

0618I 


! 2*^(1 + ^ 

x a rrw— 


*£(l + YM®)(1+ 
~ ? 


2 ri^(l+ ) 

If “ rn? — 
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SOLUTIONS OEF EQUATIONS FOR ONE -DIMENSIONAL GAS FLOW 
PASSAGES 

as those shown for f a 1.37 unless an asterisk 
to left is increased one unit.j 


4 

R 

5 Io 

%.e 

M 

r_ 

r 

r 


1-37 

1.40 

1.37 

1.1*0 

1.37 

1.1*0 


182,482 

178,572 

0.00548x10-3 

00560 

0.00074x10-3 

0008c 

0.002 

45,621 

44,643 

00219x10-2 

00224 

00296 

00320 

.004 

20,276 

19,841 

00493 

00504 

00666 

00720 

.006 

11,405 

11,161 

00877 

00896 

01184 

01280 

.008 

7,299.4 

7,143.0 

O.OOl37xlC- 2 

00140 

0.01850x10-3 

02000 

0.010 

5,069.1 

4,960.5 

00197 

00202 

02064 

02880 

.012 

3,724.2 

3,644.5 

00268 

00284 

03626 

03920 

.014 

2,851.4 

2,790.3 

00351 

00358 

04736 

05120 

.016 

2,253.0 

2,204.7 

00444 

00454 

05994 

06480 

.018 

1,825.0 

1,785.9 

O 

• 

[e> 

b 

00560 

§ 

1 

O 

07999 

0.020 

1,508.2 

1,475.9 

00663 

00678 

08953 

09679 

.022 

1,267.4 

1,240.2 

00789 

00806 

01066x10-2 

01152 

.024 

1,079.9 

1,056.8 

00926 

00947 

01250 

01352 

.026 

931.16 

914.22 

01074 

01098 

01450 

01568 

.028 

811.16 

793.79 

0XH233H0 " 2 

01266 

0.01665x10-2 

01800 

0.030 

712.89 

697.69 

01403 

01434 

01894 

02048 

.032 

631.45 

618.04 

01584 

01619 

02138 

02311 

.034 

563.20 

551.29 

01776 

01815 

02397 

02591 

.036 

505.70 

494.80 

01979 

02022 

02671 

02887 

.038 

456.34 

446.57 

0.02193X2O- 2 

02241 

0.02959tx!C-2 

03199 

0.040 

413.87 

405.07 

02418 

02470 

03262 

03527 

.042 

377.21 

369.09 

02653 

02711 

03580 

03870 

.044 

345.08 

337.71 

02900 

02964 

03913 

04230 

.046 

316.99 

310.16 

03157 

03227 

04261 

04606 

.048 

292.ll 

& 

m 

A 

00 

CVJ 

0.03426x10-2 

03502 

0.04623x10-2 

04998 

0.050 

27O.ll 

264.30 

03706 

03788 

05000 

05405 

.052 

250.45 

245.10 

03997 

04085 

05392 

05829 

.054 

232.91 

227-91 

04298 

04393 

05798 

06268 

.056 

217.10 

212.48 

04612 

04713 

06220 

06723 

.058 

202.89 

198.56 

0.04935x10-2 

05044 

0.06656rl0' 2 

07195 

0.060 

190.03 

185.96 

05270 

05386 

07106 

07682 

.062 

176.32 

174.53 

05616 

05739 

07572 

O8I85 

.064 

167.70 

164.12 

05973 

06104 

08052 

08704 

.066 

157.99 

154.62 

06340 

06480 

08547 

09239 

.068 

149.10 

145.92 

1 

S 

• 

O 

06867 

0.09057x10-2 

09790 

0.070 

140.94 

137.93 

07109 

07265 

09581 

10357 

.072 

133.43 

130.58 

07510 

07675 

10120 

1091*0 

.074 

126.51 

123.81 

07921 

08096 

10674 

11539 

.076 

120.11 

H7.55 

08344 

08528 

11243 

12153 1 

.078 


k 

X R 


1 +^pM 2 

TM 2 


5 i c - n£(i + ^i£) 
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TABLE I - FUNCTIONS 07 MACE NUMBER REQUIRED IN NUMERICAL 

IN ROTOR COOLANT 

[Digits to left of those shown for Y ■ 1.40 are same 
appears , indicating that next digit 


M 




h - 

I r 

r 

Y 

1.37 

1.40 

1.37 

1.40 

1.37 

1.40 

0.080 

.082 

.084 

.086 

.088 

o.oo64oo 

06724 

07056 

07396 

07744 

-0.012898 

- 13556 

- 14231 

- 14923 

- 15631 

12899 

13557 

14232 

14924 

15633 

0.05654x10-3 

06244 

06878 

07560 

08292 

05779 

06381 

07030 

07727 

08474 

0.006505 

06840 

07184 

07537 

07899 

06507 

06842 

07186 

07539 

07901 

0.090 

.092 

.094 

.096 

.098 

0.008100 

08464 

08836 

09216 

09604 

-0.016357 

- 17099 

- 17859 

- 18635 

- 19429 

16359 

17101 

17861 

18638 

19432 

0.09076x10-3 

09914 

10809 

11764 

12781 

09275 

10132 

11047 

12024 

13063 

0.008269 

08649 

09037 

09435 

09842 

08272 

08652 

09041 

09439 

09846 

0.100 

.102 

.104 

.106 

.108 

0.010000 

io4o4 

10816 

11236 

11664 

-0.020239 
- 21068 
- 21912 

- 22774 

- 23654 

20242 

21071 

21916 

22778 

23658 

0.13864x10-3 

15014— 

16235 

17526 

18900 

14170 

15345 

16593 

17916 

19317 

0.010258 

10684 

11118 

11562 

12016 

10263 

10689 

11124 

11568 

12022 

0.110 

.112 

.114 

.116 

.118 

0.012100 

12544 

12996 

13456 

13924 

-0.024551 

- 25466 

- 26398 

- 27346 

- 28314 

24556 

25470 

26403 

27352 

28320 

0.20349x10-3 

21882 

23501 

25206 

27006 

20799 

22365 

24019 

25764 

27603 

0.012479 

12952 

13434 

13925 

14427 

12486 

12959 

13442 

13934 

14436 

0.120 

.122 

.124 

.126 

.128 

o.oi44oo 

14884 

15376 

15876 

16384 

-0.029299 

- 30300 

- 31322 

- 32358 

- 33414 

29305 

30308 

31328 

32367 

33423 

0.28903x10-3 

30892 

32990 

35189 

37500 

29539 

31577 

33719 

35970 

38332 

0.014938 

15459 

15991 

16531 

17082 

14948 

15470 

16001 

16543 

17948 

0.130 

.132 

.134 

.136 

.138 

0.016900 

17424 

17956 

18496 

19044 

-0.034489 

- -35580 

- 36690 

- 37818 

- 38964 

34497 

35590 

36700 

37829 

38975 

0.39920xl0 -3 

42466 

45129 

47915 

50828 

40810 

43408 

46129 

48974 

51957 

0.017643 

18215 

18796 

19388 

19990 

17657 

18229 

18811 

19404 

20007 

0.140 

.142 

.144 

.146 

.148 

0.019600 

20164 

20736 

21316 

21904 

-0 .040129 

- 41312 

- 42512 

- 43732 

- 44970 

40140 

41324 

42526 

43746 

449® 

0.53873x10-3 

57062 

60384 

63855 

67473 

55073 
! 58328 
1 61727 
65275 
68975 

i .. 

0.020603 

21227 

21860 

22505 

23160 

20621 

21245 

21880 

22526 

23182 

0.150 

.152 

.154 

.156 

.158 

0.022500 

23104 

23716 

24336 

24964 

-0.046227 

- 47504 

- 48798 

- 50110 

51442 

46243 

47519 

48815 

50129 

51462 

0.71236x10-3 

75180 

79275 

83533 

87968 

72833 

76852 

81038 

85395 

89929 

0.023826 

24504 

25192 

25890 

26601 

23850 

24528 

25218 

25918 

26630 
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SOLUTIONS CEP EQUATIONS FOB ONE-DIMENSIONAL GAS FLCW 
PASSAGES - Continusd 

as those shown for Y » 1.37 unless an asterisk 
to left is increased one unit.] 





M 

r 

T 

r 

1.37 

1.40 

1.37 

1.40 

1.37 

1.40 

ni. 19 
108.69 
103.58 
98.822 
94.395 

111.73 

106.37 

101.37 
96.720 
92.380 

0.008778 

09223 

09680 

10147 

10624 

08971 

09426 

09892 

10370 

10858 

0.11826x10-2 

12424 

13037 

13664 

14306 

12784 

13430 

14092 

14770 

15464 

0.080 

.082 

.084 

.086 

.088 

90.250 

86.372 

82.746 

79.337 

78.140 

88.326 

84.534 

80.981 

77.648 

74.517 

0.011U4 

11614 

12125 

12648 

13180 

11358 

11870 

12392 

12926 

13471 

0. 14963x10 -2 
15634 
16320 
17021 
17736 

16174 

16899 

17641 

18398 

19171 

0.090 

.092 

.094 

.096 

.098 

73.128 

70.296 

67.620 

65.IOO 

62.713 

71.571 

68.798 

66.183 

63.714 

61.381 

0.013725 

14280 

14848 

15425 

16014 

14028 

14596 

15175 

15766 

16368 

0.18466x10-2 

19210 

19970 

20744 

21532 

19960 

20765 

21585 

22422 

23274 

0.100 

.102 

.104 

.106 

.108 

60.460 

58.325 

56.299 

54.380 

52.557 

59.175 

57.085 

55.105 

53.226 

51.442 

0.016614 

17225 

17848 

18481 

19125 

16981 

17606 

18242 

18889 

19548 

0.22335x10-2 

23153 

23985 

24832 

25693 

24142 

25025 

25925 

26840 

27771 

0.110 

.112 

-.114 

.116 

.118 

50. 819 
49.176 
47.607 
46.112 
44.686 

49.746 

48.133 
46.597 

45.134 
43.739 

0.019780 

20447 

21125 

21814 

22514 

20218 

20900 

21593 

22297 

23013 

0 . 26569110-2 

27460 

28365 

29285 

30219 

28717 

29680 

30658 

31652 

32661 

0.120 

.122 

.124 

.126 

.128 

43.332 

42.027 

40.785 

39.598 

38.464 

42.408 

41.137 

39.923 

38.761 

37.650 

0.023225 

23948 

24682 

25427 

26182 

23740 

24479 

25287 

25990 

26763 

0.31167x10-2 

32131 

33109 

34101 

35108 

33686 

34727 

35784 

36856 

37944 

0.130 
.132 
i .134 
.136 
.138 

37.379 

36.334 

35.336 

34.378 

33.460 

36.586 

35.567 

34.590 

33.652 

32.753 

0.026949 

27728 

28517 

29318 

30130 

27548 

28343 

29151 

29970 

30800 

0.36129x10-2 

37165 

38215 

39280 

40359 

39047 

40166 

41301 

42451 

43617 

0.140 
.142 
.144 
! .146 
.148 

32.581 

31.729 

30.913 

30.129 

29.374 

31.889 

31.059 

30.261 

29.494 

28.756 

0.030953 

31787 

32634 

33490 

34359 

31642 

32495 

33360 

34236 

35124 

0.41453x10-2 

42560 

43683 

44820 

45971 

44798 

45996 

47208 

48436 

49680 

O .150 

.152 

.154 

.156 

.158 
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TABLE I - FUNCTIONS OF MACE NUMBER INQUIRED IN NUMERICAL 

IN ROTOR COOLANT 

[Digits to left of those shown for Y * 1.1*0 are same 
appears, indicating that next digit 


M 

H 2 


If 

Dp 

r 

Y 

Y 

1.37 

l.*0 

1.37 

l.*0 

1.37 

l.*0 

0.160 

.162 

.16* 

.166 

.168 

0.025600 

262** 

26896 

27556 

2822* 

-0.05279* 

5*16* 

- 5555* 

- 56962 

- 58390 

5281* 

5*186 

55576 

56986 

58*15 

0.92575110- 3 

97371 

10235*10"® 

10752 

11289 

9*6*3 

995*3 

10*63 

10992 

115*1 

0.027323 

28056 

28801 

29556 

3032* 

2735* 

28088 

2883* 

29592 

30362 

0.170 

.172 

.17* 

.176 

.178 

0.028900 

2958* 

30276 

30976 

3168* 

-0.059838 

- 61305 

- 62792 

- 6*299 

- 65825 

5986* 

61333 

62821 

6*328 

65856 

0.118*6x10"® 

12*2* 

13022 

136*3 

1*286 

12110 

12701 

1331* 

139*8 

1*606 

0.03110* 

31895 

32698 

3351* 

3*3*1 

311*3 

31936 

327*2 

33559 

3*389 

0.180 

.182 

.18* 

.186 

.188 

0.032*00 

3312* 

33856 

3*596 

353** 

-0.067371 

- 68937 

- 7052* 

- 72130 

- 73757 

67*0* 

68972 

70559 

72167 

73796 

0.1*952x10"® 

156*2 

16355 

1709* 

17857 

15287 

15992 

16722 

17*77 

18258 

0.035181 

36033 

36898 

3777* 

3866* 

35231 

36085 

36952 

37831 

3872* 

0.190 

.192 

.19* 

.196 

.198 

0.036100 

3686* 

37636 

38*16 

3920* 

-0.075*0* 

- 77072 

- 78760 

- 80*69 

- 82199 

75**5 

7711* 

7880* 

80515 

822*7 

0.186*6x10"® 

19*62 

20305 

21176 

2207* 

19065 

19899 

20761 

21652 

22571 

0.039567 

*0*82 

*1*11 

*2352 

*3307 

39629 

*05*7 

*1*78 

*2*23 

*3381 

0.200 

.202 

.20* 

.206 

.208 

0.0*0000 

*080* 

*1616 

*2*36 

*326* 

-0.083950 

- 85722 

- 85715 

- 89329 

- 91165 

8*000 

8577* 

87569 

89385 

91223 

0.23002x10"® 

23960 

2*9*8 

25967 

27018 

23520 

2*500 

25510 

26552 

27627 

0.0**275 
*5257 
*6252 
*7261 
*828* . 

**352 

*5337 

*6336 

*73*8 

*837* 

0.210 

.212 

.2U* 

.216 

.218 

0.0**100 
4*9** 
*5796 
*66 56 
*752* 

-0.093022 

- 9*901 

- 96801 

- 98723 

- .100668 

93083 

9*96* 

96867 

98792 

00739 

0 . 28100x10"® 
29217 
30367 
31551 
32771 

28735 

29876 

31053 

32265 

33513 

0.0*9321 

50372 

51*37 

52517 

53611 

*9*15 

50*70 

51539 

52622 

53721 

0.220 

.222 

.22* 

.226 

.228 

0.0*8*00 

*928* 

50176 

51076 

5198* 

-0.10263 
- 0*62 

- 0663 

- 0867 

- 1072 

0271 

0*70 

0671 

0875 

1081 

0.3*027x10"® 
35320 , 
36651 
38020 
39*28 

3*798 

36120 

37*81 

38882 

*0322 

0.05*720 

558** 

56982 

58136 

59305 

5*83* 

55962 

57105 

58263 

59*37 

0.230 

.232 

.23* 

.236 

.238 

0.052900 

5382* 

5*756 

55696 

566** 

-0.11280 
- 1*90 

- 1703 

- 1918 

|- 2135 

1289 

1500 

1712 

1928 

21*5 

0. *0876x10"® 

*2365 
*3895 
*5*68 
l *7085 

*180* 

*3327 

**893 

*6502 

*8156 

0.060*89 

61689 

6290* 

6*136 

65383 

60626 

61831 

63052 

6*288 

655*1 
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SQLOTIOna -OF EQUATIONS ICE OHE-DIMENSIOHAI QAS ELOT 
PASSAGES - Continued 

a a those shovn for Y - 1.37 unless an asterisk 
to left is increased one unit*] 


3* 



M 

T 

Y 

Y 

1.37 

1.40 

1.37 

1.40 

1.37 

1.40 

28.650 

27.948 

27.274 

26.624 

25.997 

28.045 

27.360 

26.700 

26.064 

25.451 

0.035238 

36129 

37031 

37944 

3883? 

36024 

36934 

37857 

38791 

39737 

0. 47137xl0“ 2 
48317 
49511 
50720 
51943 

50939 

52214 

56131 

0.160 

.162 

.164 

.166 

.168 

25.392 

24.808 

24.244 

23.699 

23.173 

24.859 

24.287 

23.735 

23.202 

22.687 

0.039805 

40752 

41710 

42680 

43662 

40694 

41663 

42643 

43635 

44639 

0.53181x10-2 

54432 

55699 

56979 

58274 

57468 

58820 

60188 

61571 

62969 

0.170 

.172 

.174 

.176 

.178 

22.664 

22.171 

21.695 

21.234 

20.787 

22.189 

21.707 

21.241 

20.789 

20.352 

0.044354 

45658 

46673 

47700 

48738 

45654 

46681 

47719 

48770 

49831 

0.59583x10-2 

6O906 
62244 
63596 • 

64962 

64383 

65812 

67257 

68717 

70192 

0.180 

.182 

.184 

.186 

.188 

20.355 

19.936 

19.529 

19.136 

18.754 

19.929 

19.519 

19.122 

18.736 

18.363 

0.049787 

50848 

51920 

53004 

54099 

50905 

51990 

53087 

54196 

55316 

0.66342x10-2 

67736 

69145 

70568 

72005 

71682 

73188 

74710 

76246 

77798 

0.190 

.192 

.194 

.196 

.198 

18.383 

18.024 

17.675 

17.336 

17.006 

18.000 

17.648 

17.307 

16.975 

16.653 

0.055206 

56324 

57453 

58594 

59746 

56448 

57592 

58747 

59915 

61094 

0.73456x10-2 

74922 

76401 

77895 

79403 

79365 

80947 

82545 

84158 

85786 

0.200 

.202 

.204 

.206 

.208 

16.687 

16.376 

16.074 

15.780 

15.494 

16.340 

16.036 

15.740 

15.452 

15.173 

0.060910 

62085 

63272 

64470 

65680 

62284 

63487 

64702 

65928 

67166 

0.80925x10-2 

82461 

84011 

85575 

87153 

87429 

89087 

90761 

92449 

94153 

0.210 

.212 

.214 

.216 

.218 

15.216 

14.946 

14.682 

14.426 

14.176 

14.901 

14.636 

14.378 

14.128 

13.883 

0.066902 

68135 

69379 

70635 

71903 

68416 

69678 

70951 

72237 

73534 

0.88745x10-2 

90352 

91972 

93606 

95254 

95872 

97606 

99355 

*10112 

*10290 

0.220 

.222 

.224 

.226 

.228 

13.933 

13.696 

13.466 

13.241 

13.021 

113.645 
1 13.414 
13.188 
12.968 
12.753 

0.073182 

74473 

75776 

77090 

78416 

74844 

76165 

77498 

78843 

80200 

0.96916x10-2 
! 98593 

10028x10-1 
10199 
10370 

*10469 

*10650 

10833 

11016 

11202 

0.230 
.232 
• .234 
.236 
.238 
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TABLE I - FUNCTIONS OF MAGE NUMBER REQUIRED IN NUMERICAL 

IN ROTOR COOLANT 

[Digits to left of those shown for Y = 1.S6 are same 
appears, indicating that next digit 


M 

M 2 




r 

Y 

¥ 

| 1.37 


137 

1.40 

1.37 

1.40 

0.240 

0.057600 

ft 

3 

• 

0 

1 

2365 

0.48745x10- 2 

49855 

0.066646 

66810 

.242 

58564 

- 2576 

2587 

50451 

51601 

67926 

68096 

.244 

59536 

- 2800 

2812 

52203 

53393 

69222 

69398 

.246 

60516 

- 3027 

3039 

54002 

55234 

70535 

70717 

.248 

61504 

- 3256 

3268 

55848 

57123 

71865 

72053 

0.250 

0.062500 

-0.13488 

3500 

0.57743xl0- 2 

59062 

0.073212 

73406 

.252 

63504 

- 3721 

3734 

59688 

61053 

74576 

74777 

.254 

64516 

- 3958 

3971 

61684 

63095 

75957 

76165 

.256 

65536 

- 4196 

4210 

63731 

65190 

77356 

77570 

.258 

66564 

- 4438 

4452 

65831 

67339 

78772 

78994 

0.260 

0.067600 

-0.14682 

4696 

6.67984x10-2 

69543 

0.080206 

80436 

.262 

68644 

- 4928 

4943 

70192 

71802 

81658 

81896 

.264 

69696 

- 5177 

5192 

72456 

74119 

83129 

83374 

.266 

70756 

- .5*28 

5444 

74776 

76494 

84618 

84870 

.268 

71824 

- 5682 

5699 

77155 

78928 

86126 

86386 

£ 

OJ 

• 

O 

0.072900 

-0.15939 

5956 

0.79592x10-2 

81422 

0.087652 

87921 

.272 

73984 

6198 

6215 

82088 

83978 

89197 

89475 

.274 

75076 

- 6460 

6478 

84646 

86596 

90762 

91048 

.276 

76176 

- 6724 

6743 

87266 

89277 

92346 92641 

.278 

77284 

- 6991 

7010 

89949 

92024 

93950 

94254 

0.280 

0.C78400 

1 

O 

5 

p 

7281 

0.92697 

94836 

0.095573 

95887 

.282 

79524 

- 7533 

7554 

95510 

97716 

97216 

97540 

.284 

80656 

- 7808 

7830 

98390 . 

*10066 

98880 

99214 

.286 

81796 

- 8086 

8108 

10134X10- 1 

10368 

J.00564 

00908 

.288 

82944 

- 8367 

8389 

10435 

10677 

02269 

02623 

0.290 

0.084100 

-0.18650 

8673 

0.10744X10- 1 

10993 

0.10400 

0436 

.292 

85264 

- 8936 

8960 

11060 

11316 

0574 

0612 

.294 

86436 

- 9225 

9250 

11383 

11647 

0751 

0790 

.296 

87616 

- 9517 

9542 

11714 

11986 

0930 

0970 

.298 

88804 

- 9812 

9838 

12052 

12332 

nil 

1152 

0.300 

0.090000 

-0.20110 

0136 

0.12398X10- 1 

12686 

0.11295 

1337 

.302 

91204 

- 0410 

0438 

12751 

13048 

1480 

1524 

.304 

92416 

- 0713 

0742 

13113 

13418 

1660 

1713 

.306 

93636 

- 1020 

1049 

13482 

13796 

1858 

1904 

.308 

94864 

- 1329 

1359 

13860 

14183 

£051 

2098 

0.310 

0.096100 

-0.21641 

1672 

3 .l4246xl0 _1 

14579 1 

3.12245 

2294 

.312 

97344 

- 1957 

1988 

14641 

14983 

2442 

2492 

.314 

98596 

- 2275 

2307 

15044 

15396 

2642 

2693 

.316 

99856 

- 2597 

2630 

15456 

15818 

2844 

2897 

.318 

.101124 

- 2921 

2955 

15877 

16249 

3048 

3102 
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SOLOTIOHS OF EQUATIONS TOR QHE-DIMSJSIQEAL GAS FLOW 
PASSAGES - Continued 

as those shown for Y » 1*37 unless an asterisk 
to left is increased one unit.] 


IR 

I® 


K 

r 

r 

r 

1.37 

1.40 

1.37 

1.40 

1.37 

1.40 

12.807 

12.599 

12.395 

12.197 

12.003 

12.544 

12.340 

12.140 

11.946 

11.756 

0.079753 

81102 

82463 

83835 

85219 

81569 

82950 

84343 

85748 

87165 

0.010544 

10718 

10894 

11072 

11250 

11389 

11577 

11767 

11958 

12151 

0.240 

.242 

.244 

.246 

.248 

11.814 

11.629 

11.449 

11.273 

11.101 

11.571 

11.391 

11.214 

11.042 

10.874 

0.086615 

88023 

89442 

90873 

92316 

88594 

90035 

91488 

92953 

94430 

0.011430 

11612 

U795 

H979 

12164 

12346 

12542 

12739 

12938 

13138 

0.250 

.252 

.254 

.256 

.258 

10.933 

10.768 

10.608 

10.451 

10.298 

10.709 

10.548 

10.391 

10.238 

10.088 

0.093770 

95236 

96715 

98205 

99706 

95920 

97421 

98934 

*00460 

•01998 

0.012332 

12540 

12730 

12921 

13113 

13340 

13543 

13748 

13954 

I4l6l 

0.260 

.262 

.264 

.266 

.268 

30.148 

10.001 

9.8576 

9.7172 

9.5798 

9.9410 

9.7974 

9.6571 

9.5197 

9.3852 

0.10122 

0274 

0428 

0583 

0739 

0355 

(911 

0668 

0827 

0987 

0.013307 

13502 

13699 

13897 

14096 

14370 

14581 

14793 

15007 

15222 

0.270 

.272 

.274 

.276 

.278 

9.4453 

9.3137 

9.1849 

9.0587 

8.9353 

9.2536 

9.1248 

8.9988 

8.8754 

8.7545 

0.10897 

1055 

1214 

1376 

1538 

1148 

1310 

1474 

1639 

1805 

0.014297 

14499 

14702 

14907 

15113 

15438 

15656 

15875 

16096 

16318 

0.280 

.282 

.284 

.286 

.288 

8.8143 

8.6958 

8.5798 

8.4660 

8.3546 

8.6362 

8.5202 

8.4o66 

8.2953 

8.1862 

0.11701 

1866 

2031 

2198 

2366 

1972 

2141 

2310 

2481 

2653 

0.015320 

15529 

15739 

15950 

16163 

16542 

16767 

16993 

17221 

17451 

0.290 

.292 

.294 

.296 

.298 

8.2453 

8.1383 

8.0333 

7.9304 

7.8295 

8.0794 

7.9746 

7.8719 

7.7712 

7.6724 

0.12535 

2706 

2878 

3050 

3224 

2827 
3002 
3177 
3354 
' 3533 

O 

• 

O 

ooow-3 

17682 

17914 

18148 

18383 

186120 

0.300 
; .302 
' .304 
.306 
.308 

7.7305 

7.6335 

7.5382 

7.4448 

7,3532 

7.3874 

7.2960 

7.2063 

0.13400 

3576 

3754 

3933 

4113 

3713 

3894 

4076 

'iSt 

0.017468 

17690 

17914 

18138 

18364 

18858 

19097 

[19338 

19580 

19824 

0.310 

.312 

.314 

.316 

.318 
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TABLE I - FUNCTIONS OF MACH NUMBER REQUIRED IN NUMERICAL 

IN ROTOR COOLANT 

[Digits to left of those shown for Y = 1.40 are same 
appears, indicating that next digit 


M 

M* 

5 

5 

5 

Y 

r 

Y 

1.37 

1A0 

1.37 

l.4o 

1.37 

1.40 

0.320 

.322 

.324 

.326 

.328 

0.10240 

0368 

0498 

0628 

0758 

-0.23249 

- 3579 

- 3913 

- 4250 

- 4591 

3284 

3615 

3950 

4288 

4630 

0.016308 

16747 

17196 

17654 

18122 

16690 

17140 

17599 

18069 

18548 

0.13255 

3464 

3676 

3891 

4108 

3311 

3522 

3735 

3951 

4170 

0.330 

.332 

.334 

.336 

.338 

0 .10890 
1022 
1156 
1290 
1424 

-0.24934 
- 5281 

- 5631 

- 5984 

- 6341 

4974 

5322 

5673 

6027 

6385 

0.018600 

19088 

19586 

20095 

20614 

19038 

19538 

20048 

20569 

21101 

0.14327 

4549 

4774 

5002 

5232 

4391 

4615 

4841 

5071 

5303 

0.340 

.342 

.344 

.346 

.348 

O.U560 

1696 

1834 

1972 

2110 

-0.26701 

- 7065 

- 7431 

- 7802 
- 8176 

6746 

7111 

7479 

7851 

8226 

0.021144 

21684 

22236 

22799 

23373 

21643 

22197 

22762 

23339 

23928 

0.15465 

5701 

5939 

6181 

6425 

5538 

5775 

6016 

6259 

6506 

0.330 

.352 

.354 

.356 

.358 

0.12250 

2390 

2532 

2674 

2816 

-0.28553 

- 8934 

- 9318 

- 9706- 

- .30098 

8604 

8986 

9372 

9762 

0155 

0.023960 

24557 

25167 

25789 

26424 

24528 

25141 

25766 

26403 

27053 

0.16672 

6923 

7176 

7432 

7691 

6755 

7007 

7263 

7521 

7783 

0.360 

.362 

.364 

.366 

.368 

0.12960 

3104 

3250 

3396 

3542 

-0.30493 
! - 0892 

- 1295 

- 1702 
- 2112 

0551 

0952 

1356 

1764 

2176 

0.027071 

27731 

28404 

29090 

29789 

27716 

28392 

29062 

29785 

30502 

0.17954 

8219 

8488 

8760 

9035 

8047 
8315 
85 86 
8860 
9138 

0.370 

.372 

.374 

.376 

.378 

0.13690 

3838 

3988 

4138 

4288 

-0.32526 

- 2944 

- 3366 

- 3792 

- 4222 

2591 

3011 

3434 

3862 

4293 

0.030502 

31229 

31970 

32725 

33495 

31232 

31977 

32737 

33511 

34300 

0.19313 

9595 

9880 

.20169 

0460 

9419 

9703 

9991 

0282 

0577 

0.380 

.382 

.384 

.386 

.388 

0.14440 

4592 

4746 

4900 

5054 

-0.34656 

- 5094 

- 5536 

- 5982 

- 6432 

4729 

5168 

5612 

6060 

6512 

0.034279 

35079 

35894 

36724 

37570 

35104 

35923 

36759 

37609 

38477 

0.20756 

1055 

1357 

1663 

1973 

0875 

1176 

1482 

1791 

2104 

0.390 

.392 

.394 

.396 

.398 

0.15210 

5366 

5524 

5682 

5840 

L 

-0.36886 

- 7345 

- 7808 

- 8275 

- 8747 

6968 

7429 

7894 

8363 

8836 

0.038431 

39309 

40204 

41115 

42043 

39360 1 

40260 

41177 

42111 

43063 

0.22286 

2603 

2924 

3249 

3578 

2420 

2740 

3064 

3392 

3724 
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SOLUTIONS OT EQUATIONS FOR OHE-DIMENSIONAL GAS FLOW 
PASSAGES - Continued 

as those shovn for Y =1.37 unless an asterisk 
to left is increased one unit.] 


I* 



H 

1 

Y 

r 

1.37 

1.40 

1.37 

1.40 

^37 

1.M 

7.2632 

7.1750 

7.0883 

7.0033 

6.9198 

■7.1183 

7.0319 

6.9 472 
6.8639 
6.7822 

0.14295 

4477 

4661 

4846 

5032 

4630 

4817 

5005 

5195 

5386 

0.018592 

18820 

19051 

19282 

19515 

20069 

20316 

20563 

20813 

21064 

0.320 

.322 

.324 

.326 

.328 

6.8378 

6.7572 

6.6782 

6.6005 

6.5242 

6.7020 
6.6 232 
6.5458 
6.4698 
6.3951 

0.15220 

5409 

5599 

5790 

5982 

5578 

5772 

5966 

6162 

6360 

0.019749 

19984 

20220 

20458 

20698 

21316 

21569 

21824 

22081 

22338 

0.330 

.332 

.334 

.336 

.338 

6.4493 

6.3756 

6.3033 

6.2322 

6.1623 

6.3218 

6.2497 

6.1790 

6.1094 

6.0410 

0.16176 

6371 

6567 

6764 

6963 

$558 

6758 

6959 

7162 

7365 

0.020938 

21180 

21423 

21668 

21913 

22598 

22858 

23120 

23383 

23648 

0.340 

.342 

.344 

.346 

.348 

6.0936 

6.0261 

5.9597 

5*8945 

5.8303 

5-9738 

5.9077 

5.8428 

5.7789 

5.7161 

0.17163 

7364 

7566 

7770 

7975 

7570 

7776 

7984 

8193 

8403 

0.022160 

22409 

22658 

22909 

23161 

23914 

24182 

24450 

24721 

24992 

0.350 

.352 

.354 

.356 

.358 

5.7672 

5.7051 

5.6441 

5.5840 

5-5250 

5.6543 

5.5936 

5.5339 

5.4751 

5.4173 

0.18181 

8388 

8597 

8807 

9018 

86l4 

8827 

9041 

9256 

9473 

0.023415 

23669 

23925 

24183 

24441 

252® 

25539 

25815 

26092 

26371 

0.360 

.36B 

.364 

.366 

.368 

5.4669 

5.4097 

5.3534 

5.2981 

5.2436 

5.3604 

5.3045 

5.2494 

5.1952 

5.1419 

0.19230 

9444 

9659 

9875 

.20092 

9691 

9910 

*0130 

*0352 

0575 

0.024701 

24962 

25224 

25488 

25753 

26650 

26931 

27214 

27498 

27783 

0.370 

.372 

.374 

.376 

.378 

5.1899 

5.1371 

5.0852 

5.0340 

4.9836 

5.0894 

5.0378 

4.9869 

4.9369 

4.8875 

0.20311 

0531 

0753 

0975 

1199 

0800 

1026 

1253 

1481 

17H 

0.026019 

26286 

26555 

26825 

27096 

28069 

28357 

28646 

28937 

29229 

0.380 

.382 

.384 

.386 

.388 

4.9340 

4.8852 

4.8371 

4.7897 

4.7431 

4.8390 

4.7912 

4.7442 

4.6978 

4.6521 

0.21424 

1650 

1878 

2107 

2337 

1942 

2174 

2408 

2643 

2879 

0.027368 

27642 

27917 

28193 

28470 

29522 

29816 

30112 

30409 

30708 

0.390 

.392 

.394 

.396 

.398 
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TABLE I - FUNCTIONS OF MACH NUMBER REQUIRED IN NUMERICAL 

IN ROTCSt COOLANT 

[DlgitB to left of those shown for Y ■ 1.40 are same 
L appears, indicating that next digit 

4 


M 


IA 


5 

Y 

. Y 

X 

1.37 

1.40 

1.37 

1.40 

1.37 

1.40 

o.4oo 

.402 

.404 

.406 

.408 

0.16000 

6160 

6322 

6484 

6646 

-0.39223 

- 9703 

- .40188 

- 0678 

- 1172 

9314 

9797 

0284 

0775 

1271 

0.042988 

43951 

44932 

45930 

46947 

44032 

45019 

46025 

47048 

48091 

0.23910 

4247 

4587 

4932 

5281 

4060 

4400 

4744 

SS 

0.410 

.412 

.414 

.416 

.418 

0.16810 

6974 

7140 

7306 

7472 

-0.41670 

- 2174 

- 2682 

- 3194 

- 3712 

1772 

2278 

2788 

3303 

3823 

0.047983 

49037 

50m 

51204 

52317 

49153 

50235 

51336 

52457 

53598 

0.25634 

5990 

6352 

6718 

7088 

5801 
6162 
6 528 
6897 
7271 

0.420 

.422 

.424 

.426 

.428 

0.17640 

7808 

7978 

8148 

8318 

-0.44234 

- 4762 

- 5294 

- 5831 

- 6373 

4348 

4877 

5412 

5952 

6496 

0.053450 

54604 

55778 

56973 

58190 

54760 

55943 

57148 

58374 

59622 

0.27462 

7841 

8225 

8613 

9006 

7650 

8033 

8421 

8813 

9210 

0.430 

.432 

.434 

.436 

.438 

0.18490 

8662 

8836 

9010 

9184 

-0.46921 

- 7473 

- 8031 

- 8594 

- 9162 

7046 

7602 

8i6p 

8728 

9299 

0.059428 

60688 

61971 

63277 

64605 

60892 

62185 

63501 

64840 

66204 

0.29403 
• 9805 
.30212 
0625 
1042 

9612 

4»19 

0431 

0848 

1270 

0.440 

.442 

.444 

.446 

.448 

0J.9360 

9536 

9714 

9892 

.20070 

-0.49736 

- .50315 

- 0899 

- 1489 

- 2085 

9875 

0457 

1044 

1637 

2236 

0.065957 

67333 

68733 

70158 

71607 

67591 

69002 

70439 

71900 

73388 

0.31464 

1891 

2323 

2760 

3203 

1697 

2129 

2566 

3009 

3457 

0.450 

.452 

.454 

.456 

.458 

0.20250 

0430 

0612 

0794 

0976 

-0.52686 

- 3293 

- 3906 

- 4525 

- 51*9 

2840 

3451 

4067 

4688 

5316 

0.073082 

74583 

76110 

77663 

79243 

74901 

76441 

78008 

79602 

81224 

0.33651 

4105 

4564 

5029 

5499 

3910 

4369 

4834 

5304 

5780 

0.460 

.462 

.464 

.466 

.468 

0.21160 

1344 

1530 

1716 

1902 

-0.55780 

- 6416 

- 7059 

- 7708 

- 8363 

5950 

6590 

7236 

7888 

8547 

0.080850 

82486 

84149 

85841 

87562 

82873 

84552 

86259 

87995 

89762 

0.35975 

6457 

6944 

7438 

7938 

6262 

6750 

7244 

7744 

8250 

0.470 

.472 

.474 

.476 

.478 

0.22090 

2278 

2468 

2658 

2848 

-0.59024 

- 9692 

- .60366 

- 1046 

- 1734 

9212 

9883 

0561 

1245 

1937 

0.089313 

91094 

92904 

94747 

96620 

91559 

93387 

95246 

97137 

99061 

0.38443 

8955 

9473 

9998 

.40529 

8762 

9280 

48 

0874 
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SOLUTIONS OF EQUATIONS FOR ONE -DIMENSIONAL GAS FLOW- 
PASSAGES - Continued 

as those shown for Y » 1*37 unless an asterisk 
to left Is Increased one unit*] 


1.37 

l.4o 

1.37 

1.1*0 

1.37 

1.40 


*.6971 

*.6071 

0.22569 

3117 

0.0287*9 

31008 

0.*00 

*.6518 

*.5628 

2802 

3356 

29029 

31309 

.*02 

*.6 072 

*.5192 

3036 

3596 

29310 

31611 

.*0* 

4.5632 

*.*762 

3271 

3838 

29592 

31915 

•*06 

*.5199 

*.*338 

3508 

*081 

29876 

32220 

.*08 

*.*773 

*.3920 

0.237*6 

*325 

0.030 160 

32526 

0,*10 

*.*352 

*.3509 

3985 

*571 

30*46 

3283* 

.*12 

*.3937 

*.3103 

*226 

*818 

3073* 

331*3 

.*1* 

*,3529 

*.2703 

**68 

5066 

31022 

33*53 

.*16 

*.3126 

*.2309 

*711 

5316 

31312 

33763 

.*18 

*.2729 

*.1921 

0.2*956 

5567 

0.031603 

3*078 

0.*20 

*.2338 

*.1538 

5201 

5820 

31895 

3*392 

.*22 

*.1952 

*.1161 

5**8 

607* 

32188 

3*708 

.*2* 

*.1572 

*.0788 

5697 

6329 

32*82 

3502* 

.*26 

*.H97 

*.0*21 

59*7 

6585 

32778 

353*2 

.*28 

*.0827 

*.0059 

0.26198 

68*3 

0.033075 

35661 

0.*30 

*.0*62 

3.9703 

6*50 

7103 

33373 

35982 

.*32 

*.0103 

3.9351 

670* 

7363 

33672 

3630* 

.*3* 

3.97*8 

3.900* 

6959 

7625 

33973 

36627 

.*36 

3,9398 

3.8661 

7215 

7889 

3*275 

36951 

.*38 

3.9053 

3.8323 

0.27*73 

8153 

0.03*578 

37277 

0.**0 

3.8713 

3.7990 

7732 

8*20 

3*882 

3760* 

.**2 

3.8377 

3.7662. 

7993 

8687 

35187 

37932 

.*** 

3.80*6 

3.7338 

825* 

8956 

35*93 

38261 

.**6 

3.7719 

3.7018 

8517 

9226 

35801 

38592 

.**8 

3.7396 

3.6702 

0.28782 

9*98 

0.036110 

3892* 

0.*50 

3.7078 

1 3.6390 

90*8 

9771 

36*20 

39251 

.*52 

3.676* 

3.6083 

9315 

*00*6 

36731 

39591 

.*5* 

3.6*5* 

3.5780 

9583 

*0322 

370*3 

39927 

.*56 

3.61*8 

3.5*80 

9853 

*0599 

37357 

*026* 

.*58 

3.58*6 

3.5185 
3. *893 

0.3012* 

0878 

0.037671 

*0602 

O.*60 

3.55*8 

0397 

1158 

37987 

'*09*1 

.*62 

3.525* 

3. *606 

0670 

1*39 

3830* 

*1282 

.*6* 

3. *963 

3. *321 

09*6 

1722 

38622 

*1623 

.*66 

3. *677 

3. *0*1 

1222 

2007 

389*2 

*1966 

.*68 

3. *39* 

3.376* 

0.31500 

2292 

0.039262 

*2311 

0.*70 

3. *11* 

3.3*90 

1779 

2580 

3958* 

*2656 

.*72 

3.3838 

3.3220 

2060 

2868 

39906 

*3003 

.*7* 

3.3566 

3.295* 

23*2 

3158 

*0230 

*3351 

.*76 

3.3297 

3.2690 

2625 

3*50 

*0555 

*3700 

.*78 
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TABLE I - FUNCTIONS OF MACH HUMBER REQUIRED IN NUMERICAL 

IN ROT® COQLAHT 

(Digits to left of those shown for Y ■ 1.40 ere same 
appears, indicating that next digit 


M 

M2 

lA 

If 


r 

Y 

r 

1.37 

i.ko 

1.37 

i.bc 

1.37 

i.ko 

0.480 
.482 
.484 
*486 
. 488 

0.23040 

3232 

3426 

3620 

3814 

-0.62427 

- 3128 

- 3835 

- 4550 

- 5271 

2634 

3339 

4050 

4769 

5494 

0.098525 

.100463 

02434 

04438 

06476 

1)1017 

03006 

05029 

07087 

09180 

0.41066 

1610 

2161 

2719 

3283 

1419 

1970 

2528 

3093 

3665 

0.490 

.492 

.494 

.496 

.498 

0.24010 

4206 

4404 

4602 

4800 

-0.65999 

- 6735 

- 7478 

- 8228 

- 8985 

6227 

6967 

7714 

8468 

9230 

0.10855 

1066 

1280 

1498 

1719 

1131 

1347 

1567 

1791 

2019 

0.43854 

4433 

5019 

5612 

6212 

4244 

4831 

5424 

6025 

6634 

0.500 

.502 

.504 

.506 

.508 

0.25000 

5200 

5402 

5604 

5806 

-0.69750 

- .70522 

- 1303 

- 2090 
- 2886 

*0000 

0777 

1562 

2355 

3155 

0.11945 

2174 

2407 

2644 

2884 

2250 

2485 

2724 

2968 

3215 

0,46820 

7435 

8058 

8689 

9328 

7250 

7874 

8506 

9345 

9793 

0.510 

.512 

.514 

.516 

.513 

0.26010 

6214 

6420 

6626 

6832 

-0.73690 

- 4502 

- 5321 

- 6149 

- 6986 

3964 

4781 

5606 

6439 

7281 

0.13129 

3378 

3631 

3888 

4150 

3467 

3722 

3982 

4247 

4516 

0.49974 

.50629 

1292 

1963 

2643 

1)449 

m3 

1785 

2466 

3156 

0.520 

.522 

.524 

.526 

.528 

0.27040 

7248 

7458 

7668 

7878 

-0.77831 

- 8684 

- 9546 

- .80417 

- 1297 

8131 

8990 

9858 

0734 

1620 

0.14416 

4686 

4961 

5241 

5525 

4789 

5066 

5349 

5636 

5928 

0.53332 

4029 

4734 

5449 

6173 

3854 

4562 

5278 

6003 

6738 

0.530 

.532 

•534 

.536 

.538 

0.28090 

8302 

8516 

8730 

8944 

-0.82185 

- 3083 

- 3990 

- 4906 

- 5832 

2515 

3418 

4331 

5254 

6186 

0.15814 
6107 
6 4o6 
6709 
7018 

6225 

6527 

6833 

7145 

7462 

0.56906 

7649 

8401 

9163 

9934 

7482 

8236 

8999 

9772 

*0555 

0.540 

.542 

.544 

.546 

.548 

0.29160 

9376 

9594 

9812 

.30030 

-0.86768 

- 7713 

- 8667 

- 9632 

- .90607 

7128 

8079 

9041 

*0012 

0994 

0.17332 

7650 

7974 

8304 

8639 

7784 

8112 

8445 

8784 

9128 

0.60715 

1507 

2308 

3120 

3942 

1348 

2152 

2966 

3790 

4625 

O.550 

*552 

.554 

.556 

*55S 

0.30250 

0470 

0692 

0914 

1136 

-0.91592 

- 2588 

- 3594 

- 4611 

- 5638 

1986 

2989 

4002 

5026 

9606 

0.18979 

9325 

9677 

.20035 

0398 

9478 

9834 

*3195 

0563 

0937 

0.64775 

5619 

6474 

7340 

8217 

5471 

6328 

7196 

8076 

8967 
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SOLOTIGHS GE EQUATIONS EC® OHE-DIHEHSIOHAL QAS ELOW 
PASSAGES - Continued 

aa those shown for Y = 1.37 unless an asterisk 
to left is increased one unit.] 


Zr 

lo 

*T,e 

M 

r 

T 

r 

1.37 

l.*0 

1.37 

1.40 

1.37 

1.40 

3.3031 

3.2769 

3.2510 

3.225* 

3.2001 

3.2*31 

3.217* 

3.1920 

3.1670 

3.1*22 

0.32910 

3196 

3*8* 

3773 

*063 

37*2 

*037 

*332 

*630 

*928 

0.0*0882 

*1209 

*1537 

*1867 

*2198 

**050 

***02 

**75* 
*5108 
*5 *63 

0,*80 

.*82 

.*8* 

.*86 

.*88 

3.1751 

3.1505 

3.1261 

3.1020 

3.0782 

3.H78 

3.0937 

3.0698 

3.0*63 

3.0230 

0.3*355 

*6*8 

*9*2 

5238 

5535 

5228 

5530 

5832 

6137 

6**3 

0.0*2529 

*2862 

*3196 

*3532 

*3868 

*5820 

*6177 

*6536 

*6896 

*7257 

0.*90 

.*92 

.*9* 

.*96 

.*98 

3.05*7 

3.0315 

3.0086 

2.9859 

2.9635 

3.0000 

2.9773 

2.95*8 

2.9326 

2.9107 

0.3583* 

613* 

6*36 

6738 

70*3 

6750 

7059 

7369 

7680 

799* 

0.0**206 

**5** 

**88* 

*522* 

*5566 

*7619 

*7982 

*83*7 

*8713 

*9080 

0.500 

.502 

.50* 

.506 

.508 

2.9*1* 

2.9195 

2.8979 

2.8765 

2.855* 

2.8891 

2.8676 

2.8*65 

2.8256 

2.80*9 

0.373*8 

7655 

796* 

827* 

8585 

8308 

862* 

89*2 

9261 

9581 

0.0*5909 

*625* 

*6599 

*69*5 

*7292 

*9**8 

*9817 

50187 

.50559 

50932 

0.510 

.512 

.51* 

.516 

.518 

2.83*5 

2.8138 

2.793* 

2.7732 

2.7533 

2.78** 

2.76*2 

2.7**3 

2.72*5 

2.7050 

0.38898 

9212 

9528 

98*5 

.*0163 

99 03 
*0227 
*0552 
*0878 
1206 

0.0*76*1 

*7990 

*83*1 

*8693 

*90*6 

51305 

51680 

52057 

52*3* 

52812 

0.520 

.522 

.52* 

.526 

.528 

2.7336 

2.71*1 

2.69*8 

2.6757 

2.6569 

2.6857 
2.6666 
■ 2.6*78 
2.6291 
2.6106 

0.*0*83 
080* 
112 7 
1*52 
! 1777 

1535 

1866 

2199 

2532 

2868 

0.0*93 99 
*975* 
50110 
50*67 
50826 

53192 

53572 

5395* 

5*337 

5*721 

0.530 

.532 

.53* 

.536 

.538 

2.6382 

2.6198 

2.6015 

2.5835 

2,5657 

2.592* 

2.57** 

2.5565 

2.5389 

2.521* 

0.*210* 

2*33 

2763 

309* 

3*27 

3205 

35*3 

3883 

*225 

*568 

0.051185 

515*5 

51906 

52269 

52632 

55106 

55*92 

55880 

56268 

56658 

0.5*0 

.5*2 

.5** 

.5*6 

.5*8 

2.5*80 
2.5306 
2.5133 
2.*962 
2. *793 

2.50*1 
2. *870 
2. *702 
2. *53* 
2.*369 

0.*3762 

*098 

**35 

*77* 

511* 

*912 

5258 

5606 

5955 

6306 

0.052997 

53362 

53729 

5*096 

5**65 

570*9 

57**0 

57833 

58227 

58622 

0.550 

.552 

.55* 

.556 

.558 






96 


NACA EM E50E04 


TABLE I - TDHCTIOMS OF MACH HUMBER REQUIRED 15 NUMERICAL 

IN ROTOR COCELAHT 

[Digits to left of those shown for T ■ 1.1*0 are same 
appears, indicating that next digit 


M 

M 2 

X A 


% 

1 

r 

r 

1.37 

l.*0 

1.37 

l.*0 

1.37 

l.*0 

0.560 

.56s 

.561* 

.566 

.568 

0.31360 

158* 

1810 

2036 

2262 

-0.96677 

- 7726 

- 8787 

- 9859 
-1.009*2 

7106 

8163 

9232 

•0312 

1*03 

0.207.68 

11*3 

1525 

1913 

2308 

1317 

1703 

2096 

2*95 

2901 

0.69106 

.70006 

0919 

18*3 

2779 

987° 

0785 

1712 

2651 

3602 

O.570 

.572 

•57V 

.576 

.578 

0.32*90 

2718 

29*8 

3178 

3*08 

-1.020* 

: & 

- 5*0 

- 65* 

251 

362 

*75 

589 

70* 

0.22709 

3H7 

3532 

3953 

*381 

3313 

3732 

*159 

*592 

5033 

0.73728 

*690 

566* 

6651 

7651 

*566 

55** 

653* 

7537 

855* 

O.580 

.582 

.58* 

.586 

.588 

0.336*0 

3872 

*106 

*3*0 

*57* 

-I.0770 
- 886 

- .1005 

- 12* 

- 2*5 

821 

939 

058 

178 

300 

0.2*817 

5260 

5710 
6167 
66 32 

5*81 

5936 

6399 

6870 

73*8 

0.78665 

9692 

.80733 

1788 

2858 

958* 

*0629 

1687 

2760 

38*8 

0.590 

.592 

.59* 

.596 

.598 

0.3*810 

50*6 

528* 

5522 

5760 

-1.1367 

- *91 

- 616 

- 7*2 

- 870 

*23 

5*8 

67* 

801 

930 

0.27105 

7586 

8075 

8572 

9077 

7835 

8329 

8&2 

93*3 

9863 

0.839*2 

50*0 

615* 

7282 

8*27 

*950 

6067 

7200 

83*6 

95U 

0.600 

.60S 

.60* 
.606 
! .608 

0.36000 

62*0 

6*82 

672* 

6966 

-1.1999 
- .2130 
- 262 

- 396 

- 531 

*060 

192 

325 

*60 

596 

0.29590 

.30112 

06*3 

1183 

1731 

*b391 

0928 

1*75 

2030 

2595 

0.89586 

.90762 

195* 

3163 

*385 

*3691 

1887 

3100 

*329 

5576 

0.610 

.612 

.61* 

.616 

.618 

0.37210 

7*5* 

7700 

79*6 

8192 

-1.2668 
- 806 

- 9*7 

- .3088 
- 232 

73* 

87* 

*015 

158 

302 

0.32290 

2857 

3*3* 

*020 

*616 

3169 

3753 

*3*6 

*950 

556* 

0.95630 

6890 

8167 

$*62 

1.00775 

68*0 

8122 

9*22 

*07*0 

2076 

0.620 
.622 
.62* 
I .626 
.628 

0.38**0 

8688 

8938 

9188 

9*38 

-1.3377 

- 52* 

- 672 

- 822 
- 97* 

**9 

597 

7*7 

898 

*052 

0.35223 

58*0 

6*66 

710* 

7752 

6188 

6823 

7*68 

812* 

8792 

1.0211 

3*6 

*83 

622 

762 

3*3 

*81 

620 

761 

905 

0.630 

.632 

.63* 

.636 

.638 

0.39690 

99*2 

.*0196 

0*50 

070* 

-l.*128 
- 28* 
- **2 
- 602 
- 763 

207 

36* 

523 

68* 

8*7 

0.38*12 

9082 

976* 

.*0*58 

1163 

9*71 

«Ql6l 

*0863 

1577 

230* 

1.0905 

.1050 

197 

3*7 

*98 

*050 

198 

3*8 

500 

65* 
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SOLUTIONS QF EQUATIONS FOB ONE-DIMENSIONAL GAS FLOW 
PASSAGES - Continued 

as those shown for Y * 1.37 unless an asterisk 
to left ia increased one unit.] 


hi 


*T,e 

H 

r 

r 

r 

1.37 

1.40 

1.37 

1.40 

1.37 

1.40 

2.4626 

2.4461 

2.4297 

2.4135 

2.3975 

2.4206 

2.4044 

2.3884 

2.3725 

2.3568 

0.45456 

5799 

6i44 

6490 

6838 

6658 

7011 

7367 

7723 

8082 

0.054835 

55205 

55577 

55950 

56324 

59018 

59416 

59814 

60213 

60614 

0.560 

.562 

.564 

.566 

.568 

2.3817 

2.366b 

2.3504 

2.3351 

2.3199 

2.3413 

2.3260 

2.3108 

2.2958 

2.2809 

0.47187 

7537 

7890 

8243 

8598 

8442 

8803 

9166 

9531 

9897 

0.056698 

57074 

57451 

57829 

58208 

61015 

6l4l8 

61821 

62226 

62632 

0.570 

.572 

.574 

.576 

.578 

2.3049 

2.2900 

2.2752 

2.2606 

2.2462 

2.2662 

2.2516 

2.2372 

2.2229 

2.2088 

0.48955 

9313 

9673 

.50034 

0397 

*0265 

<0634 

*1005 

1377 

1751 

0.058588 

58969 

59351 

59734 

60117 

63039 

63447 

63856 

64266 

64676 

O.580 

.582 

.584 

.586 

.588 

2.2319 

2.2178 

2.2038 

2.1899 

2.1762 

2.1948 

2.1810 

2.1673 

2.1537 

2.1403 

O.5076I 

1127 

1494 

1863 

2233 

2127 

2504 

2883 

3263 

3645 

0.060502 

60888 

61275 

61663 

62052 

65089 

6^502 

65916 

66331 

66747 

0.590 

.592 

.594 

.596 

.598 

2.1626 

2.1492 

2.1358 

2.1227 

2.1096 

2.1270 

2.1138 

2.1008 

2.0879 

2.0751 

0.52605 

2978 

3353 

3729 

4107 

4029 

4414 

4801 

5189 

5579 

0.062441 

62832 

63224 

63617 

64010 

67164 
67582 
68002 
68422 
1 68843 

0.600 

.602 

.604 

.606 

.608 

2.09ffT 

2.0839 

2.0712 

2.0586 

2.0462 

2.0625 

2.0499 

2.0375 

2.0253 

2.0131 

jo. 54487 
! 4868 

5251 
5635 
6021 

5971 

6364 

6759 

7155 

7554 

0.064405 

64800 

65197 

65595 

65993 

69265 

69689 

70113 

70538 

70964 

0.610 

.612 

.614 

.616 

.618 

2.0339 

2.0217 

2,0096 

1.9977 

1.9858 

2.0010 

1.5891 

1.9773 

1.9656 

1.9540 

0.56408 

6797 

7187 

7579 

7973 

7953 

8355 

8758 

9162 

9569 

0.066393 

66793 

67194 

67596 

68000 

71391 

71820 

72249 

72679 

73110 

0.620 

.622 

.624 

.626 

.628 

1.9741 

1.9625 

1.9510 

1.9396 

1.9283 

1.9425 

1.93H 

1.9199 

1.9087 

1.8977 

i 

0.58368 

8765 

9163 

9563 

9964 

9977 

•0386 

*0798 

*1211 

*1625 

0.068404 

68809 

69215 

69622 

70030 

73542 

73975 

74409 

74844 

75280 

0.630 

.632 

.634 

.636 

.638 
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STABLE I - FUNCTIONS OF MACE NUMBER REQUIRED IN NUMERICAL 

IN ROTOR COOLANT 

[Digits to left of those shown for Y= 1.40 are same 
w appears. Indicating that next digit 


M 


X A 

*r 

h 

Y 

vr 

r 

1.37 

1.40 

1.37 

1.40 

1.37 

i.4o 

o.64o 

.642 

.644 

.646 

.648 

0.40960 

1216 

1474 

1732 

1990 

-1.4927 

- .5092 

- 260 

- 430 

- 602 

*012 

179 

348 

519 

693 

0.41881 

2611 

3353 

4108 

4876 

3042 

3794 

4558 

5336 

6126 

1.1652 

807 

965 

.2126 

288 

810 

969 

*L30 

293 

459 

O.650 

.652 

.654 

.656 

.658 

0.42250 

2510 

2772 

3034 

3296 

-1.5776 

- 952 

- .6130 

- 311 

- 494 

868 

4o46 

226 

409 

594 

0.45657 

6452 

7260 

8082 

8919 

6931 

7749 

8582 

9429 

*6291 

1.2454 

621 

791 

964 

.3139 

627 

798 

971 

*147 

326 

0.660 

.662 

.664 

.666 

.668 

0.43560 

3824 

4090 

4356 

4622 

-1.6680 
- 868 

- .7058 

- 251 

- 446 

781 

970 

162 

357 

554 

0.49770 

.50636 

1517 

2414 

3326 

*Ll68 

2060 

2967 

3891 

4831 

1.3317 

497 

681 

867 

.4056 

507 

691 

878 

*)68 

260 

0.670 

.672 

.674 

.676 

.678 

0.44890 
5158 
5428 
56 98 
*5968 

-1.7644 

- 844 

- .8048 

- 254 

- 462 

754 

956 

161 

369 

580 

0.54255 
5199 
6 161 
7139 
8135 

5787 

6761 

7751 

8759 

9786 

1.4248 

442 

640 

841 

.5045 

456 

654 

<£ 

268 

0.680 

.682 

.684 

.686 

.688 

0.46240 

6512 

6786 

7060 

7334 

-1.8674 
- 888 
- .9106 
- 326 
- 550 

793 
*010 
229 
452 
6 77 

0.59149 

.60180 

1230 

2299 

3388 

*3830 

1893 

2975 

4077 

5199 

i.5252 

462 

676 

893 

.6114 

480 

694 

912 

*134 

358 

0.690 

.692 

.694 

.696 

.698 

0.47610 

7886 

8164 

8442 

8720 

-1.9776 

-2.0006 

- 239 

- 475 

- 715 

906 

138 

373 

611 

853 

0.64495 

5623 

6772 

7941 

9132 

6340 

7503 

8686 

9892 

“L119 

1.6338 

565 

797 

.7032 

270 

587 
819 
*>55 
! 295 
539 

0.700 

.702 

.704 

.706 

.708 

0.49000 

9280 

9562 

9844 

.50126 

-2.0958 

- .1204 

454 

- 708 

- 965 

*099 

348 

600 

857 

*117 

0.70344 

1579 

2836 

4117 

5422 

2369 

3642 

4938 

6259 

7604 

1.7513 

760 

.8011 

266 

525 

786 

*038 

294 

554 

819 

0.710 

.712 

.714 

.716 

.718 

0.50410 

0694 

0980 

1266 

1552 

-2.2227 

- 492 

- 761 

- .3034 

- 311 

380 

648 

920 

196 

476 

0.76751 

8104 

9484 

.80889 

2320 

8974 

*0370 

*1792 

3241 

4717 

1.8788 

.9056 

329 

606 

888 

*088 

3a 

639 

922 

*210 
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SOLUTIONS Off EQUATIONS FOR ONE-DIHENSIONAL GAS FLOW 
PASSAGES - Continued 

as those shewn, for Y = 1.37 unless an asterisk 
to left is increased one unit.] 


5b 

I 

£ 

%.• 

M 



r 

r 


1.37 

1.40 

1.37 

1.40 

1.37 

l.kQ 


1.9171 

1.8867 

0.60367 

2042 

0.070438 

75717 

0.640 

1.9060 

1.8759 

0772 

2460 

70848 

£3 

.642 

1.8930 

1.8651 

1178 

2879 

71259 

.644 

1.8814-1 

1.8543 

1586 

3300 

71670 

77034 

.646 

1.8734 

1.8439 

1996 

3724 

72083 

77474 

.648 

1.8627 

1.8333 

0,62407 

4148 

0.072496 

77716 

0.650 

1.8521 

1.8231 

2819 

4575 

72910 

78359 

.652 

1.8416 

1.8129 

3234 

5002 

73325 

78802 


1.8312 

1.8027 

3650 

5432 

73742 

79247 

• 656 

1.8209 

1.7926 

4067 

5864 

74158 

79692 

.658 

1.8107 

1.7826 

0.64486 

6297 

0.074576 

80138 

O.660 

I.8006 

1.7727 

4907 

6732 

74995 

7541# 

80586 

.662 

1.7906 

1.7629 

5330 

7168 

81034 

.664 

1.7807 

1.7532 

5754 

7607 

75835 

81483 

.666 

1.7708 

1.7436 

63-79 

8047 

76256 

81933 

.668 

1.7611 

1.7340 

0.66607 

8488 

0.076679 

82384 

0.670 

1.7514 

1.7246 

7036 

8932 

77102 

82835 

.672 

1.7418 

1.7152 

7466 

9377 

77526 

83288 

.674 

1.7323 

1.7059 

7898 

9824 

77950 

83742 

.676 

1.7229 

1.6967 

8332 

*0272 

78376 

84196 

.678 

1.7136 

1.6876 

0.68768 

•0723 

0.078803 

84651 

0.680 

1.7044 

1.6785 

9205 

*1175 

79230 

85108 

.6 82 

1.6952 

1.6696 

9644 

*1629 

79659 

85565 

.684 

1.6861 

[ 1.6607 

.70085 

2084 

80088 

86023 

.686 

1.6771 

| 1.6519 

0527 

2542 

80518 

86482 

.688 

1.6682 

1.6431 

0.70971 

3001 

0.080949 

86941 

0.690 

1.6593 

1.6345 

1416 

3462 

81380 

87402 

.692 


1.6259 

1864 

3924 

81813 

87864 

.694 

li64l8 

1.6174 

2312 

4389 

82246 

88326 

.696 

1.6332 

1.6089 

2763 

4855 

82680 

88789 

.698 

1.6247 

1.6006 

0.73215 

5323 

0.083116 

89253 

0.700 

1.6162 

1 7 5923 

3669 

5793 

83551 

89718 

.702 

1.6078 

1.5841 

4125 

6264 

83988 

90184 

.704 

1.5995 

1.5759 

4582 

6737 

84426 

90651 

.706 

1.5912 

1.5678 

5042 

7212 

84864 

91118 

.708 

1.5830 

1.5598 

0.75502 

7689 

0.085303 

91586 

0.710 

1.5749 

1.5519 

5965 

8168 

85743 

92055 

.712 

1.5668 

1.5440 

6429 

8648 

86184 

92525 

.714 

1.5588 

1.5362 

6895 

9131 

86626 

92996 

.716 

1.5509 

1.5284 

7363 

9615 

87068 

93468 

.718 
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3? ABLE X - FUNCTIONS OF MAGS NUMBER REQUIRED IN NUMERICAL 

IN ROTOR COOLANT 

[Digits to left of those shewn for Y = 1.40 are oame 
appears, indicating that next digit 


M 


h 



T 

lr 

Y 

1.37 

i.4o 

1.37 

1.4 0 

1.37 

1.45 

0.720 

.722 

.724 

.726 

.728 

0.51840 

2128 

2418 

2708 

2998 

-2.3593 

- 879 

- .4169 

- 464 

- 763 

760 

*549 

342 

640 

942 

0.83779 

5266 

6781 

8325 

9899 

6221 

7755 

9317 

*0909 

*2533 

2.0174 

466 

762 

.1064 

371 

502 

800 

*103 

411 

724 

0.730 

.732 

.731*- 

.736 

.738 

0.53290 

3582 

3876 

4170 

4464 

-2.5067 

- 376 

- 689 

- .6008 

- 332 

249 

561 

878 

200 

527 

0.91503 

3138 

4806 

6506 

8240 

4187 

5874 

7594 

9348 

*1136 

2.1684 

.2002 

325 

655 

990 

*043 

368 

698 

*03? 

*377 

0.740 

.742 

.744 

.746 

.748 

O.5476O 

5056 

5354 

5652 

5950 

-2.6661 

- 996 

- .7336 

- 681 
- .8033 

860 

*L98 

542 

891 

246 

1.0001 

181 

365 

?a 

296 

482 

672 

865 

*063 

2.3331 

679 

.4033 

393 

760 

726 

*081 

442 

811 

*86 

0.750 

.752 

.754 

.756 

.758 

0.56250 

6550 

6852 

7154 

•7456 

-2.8390 

- 754 

- .9123 

- 499 

- 882 

607 

974 

348 

J28 

\14 

1.0939 

.1138 

342 

549 

761 

«64 

470 

679 

893 

*112 

2.5134 

515 

903 

•6299 

702 

568 

957 

*353 

757 

*L69 

0.760 

.762 

.764 

.766 

.768 

0. 5776O 
8064 
8370 
. 8676 

8982 

-3.0271 

- 667 

- .1070 

- 480 

- 898 

508 
! 908 
315 
730 
«L52 

1.1977 

.2197 

423 

653 

888 

*335 

563 

795 

*032 

*275 

2.7U2 

531 

958 

.8393 

837 

589 

8017 

*453 

897 

*351 

0.770 

.772 

.774 

.776 

.778 

0.59290 

9598 

9908 

.60218 

0528 

-3.2323 

- 756 

- .3197 

- 646 

- .4104 

582 

*020 

465 

919 

382 

1.3128 

373 

623 

879 

.4140 

522 

775 

*•034 

*298 

568 

2.9289 

751 

3.0221 

702 

.1192 

814 

*285 

766 

*258 

759 

0.780 

.782 

.784 

.786 

.788 

0.60840 

1152 

1466 

1780 

2094 

-3.4570 

- .5045 

- 529 

- .6023 

- 526 

853 

334 

823 

323 

831 

1.4407 

680 

959 

.5245 

536 

843 

*125 

*413 

708 

*009 

3.1692 

.2203 

724 

.3256 

799 

<670 

792 

*325 

869 

*425 

0.790 

.792 

.794 

.796 

.798 

0.62410 

2726 

3044 

3362 

3680 

-3.7040 

- 563 

- • 8 5?7 

- 642 

- .9198 

350 

880 

420 

971 

533 

1 *! 8 ?5 

.6140 

452 

772 

.7098 

*317 

632 

955 

4285 

31 

3.4354 

921 

.5501 

.6092 

697 

992 

*572 

*165 

9 
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SOLUTIONS OF EQUATIONS FOB OHE-DIMENSIONAL GAS ELCW 
PASSAGES - Continued 

as those shown for f = 1*37 unless an asterisk 
to left la increased one unit.] 


*r 

I 

c 

X. 


H 

r 

1 r 

1 r 


1.37 

l.*0 

1.37 

1.40 

1.37 

1.40 


1.5*31 

1.5207 

0.77832 

*0101 

0.087511 

939*0 

0.720 

1.5353 

1.5131 

8303 

*0588 

87955 

9**1* 

.722 

1.5276 

1.5055 

8776 

*1078 

88*00 

9*888 

.72* 

1.5199 

l.*980 

9250 

*1569 

888*6 

95363 

.726 

1.5123 

l.*906 

9727 

*2062 

89292 

95838 

.728 

1.50*8 

l.*832 

0.80205 

2558 

0.089739 

96315 

0.730 

l.*973 

l.*759 

0685 

305* 

90187 

96792 

.732 

1.4899 

l.*687 

1166 

3553 

90636 

97270 

.73* 

1.4825 

1.4615 

1650 

405* 

91086 

977*9 

.736 

l.*752 

l.*5*3 

213* 

*556 

91536 

98229 

.738 

l.*680 

l.**72 

0.82621 

5060 

0.091987 

98709 

0.740 

1.4608 

1.4*02 

3H0 

5566 

92*39 

99191 

.7*2 

l.*537 

l.*333 

3600 

607* 

92892 

99673 

.7** 

1.4*66 

1.426* 

*092 

658* 

933*5 

*00156 

.7*6 

l.*396 

l.*195 

*586 

7096 

93799 

*00639 

.7*8 

l.*327 

1.4127 

0.85082 

7609 

0.09*25* 

*0112* 

0.750 

l.*258 

1.4O60 

5579 

8125 

9*710 

<0l609| 

.752 

l.*190 

1.3993 

6078 

8642 

95166 

*02095 

.75* 

l.*122 

1.3926 

6579 

9161 

9562* 

*02581 

.756 

1.4054 

1.3860 

7082 

9682 

96082 

*03069 

.758 

1.3988 

1.3795 

0.87587 

*0205 

0.0965*0 

*03557 

0.76O 

1.3921 

1.3730 

8093 

•0730 

97000 

*0*0*6 

.762 

1.3856 

1.3666 

8602 

*1257 

97*60 

*0*536 

.76* 

1.3790 

1.3602 

9112 

*1786 

97921 

*05026 

.766 

1.3726 

1.3539 

9623 

*2316 

98382 

*05517 

.768 

1.3662 

1.3476 

0 

1 

28*9 

0.09884* 

*06009 

0.770 

1.3598 

1.3*1* 

0652 

3383 

99308 

*06502 

.772 

1.3535 

1.3352 

U70 

3920 

99772 

*06996 

.77* 

1.3*72 

1.3290 

1689 

4*58 

.100236 

07*90 

.776 

1.3*10 

1.3229 

2210 

4998 

00701 

07985 

.778 

1,33*8 

1.3169 

0.92732 

55*0 

0.10117 

08*8 

0.780 

1.3287 

1.3109 

3257 

608* 

0163 

0898 

.782 

1.3226 

1.3050 

3783 

6630 

0210 

09*7 

.78* 

1.3165 

1.2990 

*312 

7178 

0257 

0997 

.786 

1.3106 

1.2932 

*8*2 

7728 

0304 

10*7 

.788 

1.30*6 

1.287* 

0.9537* 

8280 

0.10351 

1097 

0.790 

1.2987 

1.2816 

5908 

883* 

0398 

11*7 

.792 

1.2928 

1.2759 

64*3 

9390 

04*5 

U97 

.79* 

1.2870 

1.2702 

6981 

99*7 

0*92 

12*7 

.796 

1.2813 

1.26*5 

7520 

*0507 

0539 

1297 

.798 
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TABLE I - FUNCTIONS 0? MACE HUMBER REQUIRED IH NUMERICAL 

IN ROTOR COQLAHT 

[Digits to left of those shown for Y = 1.40 are same 
appears, indicating that next digit 


M 

M 2 

Ea_ 


*9 


f 

r 

r 

1.37 

1.40 

1.37 

l.4o 

1.37 

1.40 

0.800 

.802 

.804 

.806 

.808 

o.64ooo 

4320 

4642 

4964 

5286 

-3.9765 

-4.0345 

- 936 

- .1540 

- .2157 

*L07 

693 

*291 

902 

526 

1.7433 

776 

.8126 

485 

853 

968 

*322 

684 

*054 

*434 

3.7316 

948 

.8594 

.9256 

932 

"^2 r 
<668 
*329 
<005 
*697 

0.810 

.812 

.814 

.816 

.818 

0.65610 

5934 

.66260 

6586 

6912 

-4.2788 

- .3432 

- .4091 

- 764 

- .5452 

<163 

815 

481 

*162 

858 

1.9230 

616 

2.0012 

417 

833 

824 

*222 

631 

*050 

*479 

4.0624 

.1332 

.2057 

799 

.3559 

*405 

*130 

872 

*631 

*408 

0.820 

.822 

.824 

.826 

.828 

0.67240 

7568 

7898 

8228 

8558 

-4.6156 

- 877 

- .7614 

- .8369 

- .9141 

570 

*299 

<045 

808 

590 

2.1259 
6 97 
.2145 
606 
.3078 

920 

*372 

835 

*310 

798 

4.4338 

.5135 

952 

.6790 

.7648 

*205 

*021 

*857 

*7.15 

*593 

0.830 

.832 

.834 

.836 

.838 

O.68890 

9222 

9556 

9690 

.70224 

-4.9932 

-5.0743 

- .1573 

- .2424 

- .3297 

*690 

<010 

*050 

911 

794 

2.3563 
.4061 
572 
• 5098 
638 

*300 

814 

*343 

886 

<444 

4.8529 

.9432 

5.0359 

.1310 

.2286 

*495 

*419 

<668 

*341 

*341 

0.840 

.642 

.844 

.846 

.848 

0.70560 

0896 

1234 

1572 

1910 

-5.4192 
[ - .5110 

- .6052 

- .7019 

- .8012 

699 

628 

581 

560 

564 

2.6193 

764 

.7351 

954 

.8576 

*017 

*607 

*214 

*838 

*480 

5.3289 

.4319 

.5377 

.6464 

.7562 

*367 

*421 

*504 

*617 

*762 

0.850 

.852 

.854 

.856 

.858 

0.72250 

2590 

2932 

3274 

3616 

-5.9032 

-6.0080 

- .1157 

- .2265 

- .3405 

596 

657 

747 

868 

<021 

2.9216 

874 

3.0553 

.1252 

973 

<9.41 

*822 

*523 

*246 

*991 

5.8732 

.9915 

6.1132 

.2385 

.3676 

*939 

<0.150 

*397 

*680 

5002 

0.860 

.862 

.864 

.866 

.868 

0.73960 

4304 

4650 

4996 

5342 

-6.4577 

- .5784 

- .7028 

- .8308 

- .9629 

*207 

*429 

687 

983 

*319 

3.2716 

.3483 

.4275 

.5091 

935 

*759 

*552 

*370 

*214 

7086 

6.5005 

.6376 

.7788 

.9246 

7.0750 

*363 
*7 66 
9213 
*706 
2246’ 

0.870 

.872 

.874 

.876 

.878 

0.75690 
6038 
6388 
6 738 
7088 

-7.0990 

- .2395 

- .3845 

- .5342 

- .6889 

<697 

*119 

«586 

<101 

<667 

3.6807 

.7708 

.8640 

.9604 

4.0602 

*987 

*919 

*882 

*879 

*911 

7.2302 

.3905 

.5562 

.7275 

.9046 

*836 

5478 

7175 

*930 

*744 
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SOLUTIONS Or EQUATIONS FCE ONE-DIMENSIONAL GAS ELOT 
PASSAGES - Continued 

as those shown for Y b 1.37 unless an asterisk 
to left Is Increased one unit.] 


I 

B 

I 

0 

3*1 

Li® 

. M 

1 r 

Y 

r 


1.37 

1.40 

1.37 

1.40 

1.37 

1.40 


1.2756 

1.2589 

0.98061 

*1069 

0.10587 

1348 

0.800 

1.2699 

1.2534 

8604 

*1633 

0634 

1398 

.802 

1.2642 

1.2478 

9150 

*2198 

068I 

1448 

.804 

1.2566 

1.2424 

9696 

•2766 

0729 

1499 

.806 

1.2531 

1.2369 

1.00245 

3336 

0776 

1549 

.808 

1.2476 

1.2315 

1.0080 

391 

0.10824 

1600 

0.810 

1.2421 

1.2262 

135 

448 

0872 

1650 

.812 

1.2366 

1.2209 

190 

506 

0920 

1701 

.814 

1.2313 

1.2156 

246 

563 

0967 

1752 

.816 

1.2259 

1.2104 

302 

621 

1015 

1803 

.818 

1.2206 

I.2052 

1.0358 

680 

0.11063 

1854 

0.820 

1.2153 

1.2000 

414 

738 

1111 

1905 

.822 

1.2101 

1.1949 

470 

796 

1159 

1956 

.824 

1.2049 

1.1898 

527 

855 

1208 

2007 

.826 

1.1997 

1.1847 

584 

914 

1256 

2058 

.828 

1.1946 

1.1797 

1.0641 

973 

0.11304 

2110 

0.830 

1.1895 

1.1747 

6 98 

*033 

1352 

2161 

.832 

1.1844 

1.1698 

755 

*092 

1401 

2212 

.834 

1.1794 

1.1649 

813 

*152 

1449 

2264 

.836 

1.1745 

1.1600 

871 

p 

1498 

2315 

.838 

1.1695 

1.1552 

1.0929 

*272 

0.11546 

2367 

0.840 

1.1646 

1.1504 

987 

*333 

1595 

2418 

.842 

1.1597 

1.1456 

.1045 

394 

1644 

2470 

.844 

1.1549 

1.1409 

104 

454 

■ 1693 

2522 

.846 

1.1501 

1.1362 

162 

515 

1741 

2574 

.848 

1.1453 

1.1315 

1.1221 

577 

0.11790 

2626 

0.850 

1.1406 

1.1268 

280 

638 

1839 

2678 

.852 

1.1359 

1.1222 

340 

700 

1888 

2730 

.854 

1.1312 

1.1177 

399 

762 

1937 

2782 

.856 

1.1266 

1.1131 

459 

824 

1987 

2834 

.858 

1.1220 

1.1086 

1.1519 

886 

0.12036 

2886 

0.860 

1.1174 

1.1042 

579 

948 

2085 

2938 

.862 

1.1128 

1.0997 

639 

*011 

2134 

2990 

.864 

1.1083 

1.0953 

700 

*074 

2184 

3043 

.866 

1.1038 

1.0909 

761 

*137 

2233 

3095 

.868 

1.0994 

1.0866 

1.1822 

*201 

0.12283 

3148 

0.870 

1.0950 

1.0822 

883 

*264 

2332 

3200 

.872 

1.0906 

1.0779 

944 

*328 

2382 

3253 

.874 

1.0862 

1.0737 

.2006 

392 

2432 

3306 

.876 

1.0819 

1.0694 

067 

456 

2481 

3358 

.878 
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TABLE I - FUNCTIONS OF MACE NUMBER REQUIRED IN NUMERICAL 

IN ROTCK COOLANT 

[Digits to left of those shown for Y = 1.40 are same 
appears, indicating that next digit 


M 

M 2 

I 

A 

If 

5 


• 

1 

r 

Y 



1.37 

1.40 

4.37 

l.4o 

1.37 

1.40 

0.880 

0.77440 

-7.8488 

*285 

4.1635 

*9 79 

8.0879 

2622 

.882 

7792 

-8.0142 

959 

.2706 

4086 

.2777 

4566 

.884 

8146 

- .1854 

*692 

.3816 

5234 

.4743 

6580 

.886 

8500 

- .3626 

*486 

.4967 

6424 

.6 780 

8667 

.888 

8854 

- .5462 

*345 

.6163 

*660 

.8894 

*0833 

0.890 

0.79210 

-8.7366 

*272 

4.74o4 

*944 

9.1087 

3080 

.892 

9566 

- .9341 

*271 

.8694 

*0278 

.3364 

5413 

.894 

9924 

-9.1392 

*346 

5.0035 

*665 

.5731 

7838 

.896 

.80282 

- .3522 

*5p2 

.i430 

3108 

.8191 

*0359 

.898 

0640 

- .5736 

*744 

.2883 

4610 

IO.OO75 

2983 

0.900 

0.81000 

-9.8o4o 

*076 

5.4397 

6176 

10.342 

571 

.902 

1360 

-10.0438 

*504 

.5976 

7809 

.620 

856 

.904 

1722 

- .2938 

*034 

.7624 

9512 

.909 

<0-53 

.906 

2084 

- .5544 

*672 

.9345 

*1*92 

11*212 

463 

.908 

2446 

- .8265 

*426 

6.1144 

3153 

.528 

.787 

0.910 

0.82810 

-llalll 

230 

6.3025 

5099 

u.858 

*125 

.912 

3174 

- .408 

531 

.4996 

7137 

12.204 

479 

.914 

3540 

- .719 

846 

.7062 

9274 

.566 

850 

.916 

3906 

-12.045 

176 

.9230 

<1517 

.946 

*240 

.918 

4272 
!_ 

- .387 

523 

7.1507 

3872 

13.344 

649 

0.920 

0.84640 

-12.746 

886 

7.3902 

6350 

13.764 

*078 

.922 

5008 

-13.124 

269 

.6424 

8958 

14.205 

530 

.924 

5378 

- .522 

672 

.9082 

*1708 

.669 

*007 

.926 

5748 

- .942 

*096 

8.1888 

4611 

15.160 

509 

.928 

6118 

-14.384 

545 

.4854 

7679 

.678 

*o4o 

0.930 

0.86490 

-14.853 

*019 

8.7995 

*0928 

16.226 

602 

.932 

6662 

-15.348 

521 

9.1324 

4371 

.807 

<198 

.934 

7236 

- .874 

*053 

.4860 

8030 

17.423 

830 

.936 

7610 

-16.434 

619 

.8622 

<8.921 

18.079 

502 

.938 

7984 

-17.029 

222 

10.2632 

6069 

.778 

*218 

0.940 

0.88360 

-17.664 

865 

10.691 

*050 

19.523 

982 

.942 

8736 

-18.343 

553 

H.150 

524 

20.321 

800 

.944 

9114 

-19.071 

289 

.641 

*033 

21.176 

677 

.946 

9 492 

- .852 

*081 

12.170 

580 

22.096 

620 

.948 

9870 

-20.694 

933 

.740 

*169 

23.087 

636 

0.950 

0.90250 

-21.604 

854 

13.356 

806 

24.158 

734 

.952 

0630 

-22.589 

852 

14.024 

498 

25.318 

924 

.954 

1012 

-23.661 

937 

.751 

*250 

26.581 

*218 

.958 

1394 

-24.829 

*121 

15.544 

*071 

27.959 

*631 

•958 

1776 

-26.110 

417 

16.415 

971 

29.470 

#180 
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SCfLOTIOHS OF EQOAIIOHS FOB CBB-DIMEESIOHAL GAS FLOW 
PASSAGES - Continued 

as those shown for Y = 1.37 unless an asterisk 
to left is increased one unit.] 


% • 



M 

r 

r 

r 

1.37 

i.ko 

1.37 

i.4o 

1.37 

1.40 

1.0776 

1.0733 

I.0691 

1.06k9 

I.0607 

1.0652 

1.0611 

1.0569 

1.0528 

1.0k87 

1.2129 

191 

25k 

316 

379 

521 

585 

650 

715 

781 

0.12531 

2581 

2631 

2681 

2731 

3kll 

3k6k 

3517 

3570 

3622 

0.880 

.882 

.88k 

.886 

.888 

1.0565 

1.052k 

1.0k83 

1.0kk2 

l.okoa 

1.0kk'6 

l.oko6 

1.0366 

1.0326 

1.0286 

1.2kk2 

505 

568 

632 

696 

8k6 

912 

978 

*okk 

*110 

0.12781 

2831 

2881 

2932 

2982 

3676 

3729 

3782 

3835 

3888 

0.890 

.892 

.89k 

.896 

.898 

1.0362 

1.0322 

1.0282 

1.02k3 

1.020k 

1.02k7 

1.0208 

1.0169 

1.0130 

1.0092 

1.2760 

62k 

889 

953 

.3018 

*177 

*2kk 

*311 

*378 

kk6 

0.13032 

3082 

3133 

318k 

323k 

39k2 

3995 

kqk8 

kl02 

kl55 

0.900 

.902 

.90k 

.906 

.908 

1.0l6k8 

1.01262 

1.00879 

1.00k97 

1.00119 

1.005k2 

1.0016k 

0.99789 

•99kl5 

.99°k5 

1.3083 

lk8 

21k 

279 

3k5 

51k 

581 

650 

718 

787 

0.13285 

3335 

3386 

3k37 

3k88 

k209 

k262 

k3l6 

k3T0 

kk2k 

0.910 

.912 

.91k 

.916 

.918 

0.997k2 

.99368 

.98998 

.98629 

.98262 

0.98677 

.98311 

.979k7 

.97586 

.97228 

1.3kll 

k78 

5kk 

611 

678 

856 

925 

99k 

*063 

*133 

0.13538 

3589 

36kO 

3691 

37k2 

kk77 

k531 

k585 

k639 

k693 

0.920 

.922 

.92k 

.926 

.928 

0.97898 

.97537 

.97176 

.96820 

•96k6k 

0.96872 

.96518 

.96166 

.95817 

•95k69 

l.37k5 

812 

880 

9k8 

.koi6 

*203 

*273 

*3kk 

«klk 

k85 

0.1379k 

38k5 

3896 

39k7 

3999 

k7k7 

k801 

kS55 

k910 

k96k 

0.930 

.932 

.93k 

.936 

.938 

0.96112 

.95761 

.95kl3 

.95068 

.9k72k 

0.9512k 

.9k78l 

.9kkk0 

.9kl02 

.93765 

l.ko8k 

153 

221 

290 

359 

556 

628 

699 

771 

8k3 

0.1k050 

klOl 

k!53 

k20k 

k256 

5018 

5072 

5127 

5181 

5236 

0.9k0 

.9k2 

.9kk 

.9k6 

.9k8 

0.9k382 

.9k0k2 

.93705 

.93370 

.93037 

0.93k31 

.93098 

.92769 

,92kkl 

.92115 

l.kk29 

k98 

568 

638 

708 

916 

988 

«06l 

*13k 

*207 

0.lk307 

k359 

kkll 

kk62 

k51k 

5290 

53k5 

5399 

5k5k 

5509 

0.950 
: .952 
•95k 
.956 
•958 
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TABLE I - FUNCTIONS OF MACE NUMBER REQUIRED IN NUMERICAL 

IN ROTOR COOLANT 

[Digits to left of those shown for Y * 1.40 are same 

appears, indicating that next digit 


M 

M 2 



5 

5 



..... 1 

f 

A 

f 

1.37 

1.40 

1.37 

1.40 

1.37 

1.4o 

0.960 

.96s 

.964 

.966 

.968 

0.92160 

2544 

2930 

3316 

3702 

- 27.519 

- 29.076 

- 30.806 

- 32.740 

- 34.917 

844 

420 

*173 

*131 

*335 

17.372 

18.432 

19.610 

20.928 

22.412 

962 

*059 

*278 

*642 

*177 

31.132 

32.970 

35.013 

37.298 

39.870 

884 
* 769 
864 
*207 
*844 

0.970 

.972 

.974 

.976 

.978 

0.94090 

4478 

4868 

5258 

5648 

- 37.383 

- 40.203 

- 43.456 

- 47.252 

- 51.739 

833 

688 

982 

826 

*370 

24.094 

26.018 

28.240 

30.833 

33.899 

918 

909 

*208 

*091 

35.064 

42.786 

46.120 

49.968 

54.459 

59.768 

*834 

*253 

51.199 

*804 

61.248 

0.980 

.982 

.984 

.986 

.988 

0.96040 

6432 

6826 

7220 

7614 

- 57.123 

- 63.704 

- 71.932 

- 82.510 

- 96.615 

822 

*486 

*818 

*530 

*813 

37.580 

42.081 

47.709 

54.948 

64.603 

*873 
*530 
49.354 
56.844 
66 . 836 

66.142 

73.933 

83.675 

96.203 

112.910 

*784 

75.773 

85.763 

98.610 

115.742 

0.990 

.992 

.994 

.996 

.998 

0.98010 

84o6 

8804 

9202 

9600 

-116.36 

-145.99 

-195.36 

-294.11 

-590.35 

117.81 

147.81 

197.81 

297.80 

597.80 

78.122 

98.407 

132.220 

199.854 

402.778 

80.827 

101.817 

136.808 

206.798 

416.791 

136.30 

171.40 

229.90 

346.91 
697.96 

139.73 

175.72 

235.71 

355.70 

715.69 

1.000 

1.0000 

OO 

OO 

OO 

OO 

OO 

OO 




NACA RM E50E04 


107 


t- 




SOLUTIONS OF EQUATIONS FOR ONE-DIMENSIONAL GAS FLOW 
PASSAGES - Concluded 

as those shown for Y = 1.37 unless an asterisk 
to left is increased one unit.] 


h 

X c 

^.e 

M 

A 


r 

r 

1.37 

l'.4o 

1.37 

1.40 

1.37 

1.40 

0.92706 

.92377 

.92050 

.91725 

.91402 

0.91791 

.91469 

.91149 

.90831 

.90515 

1.4779 

849 

920 

991 

.5062 

*281 

*354 

*428 

*502 

577 

0.14566 

4618 

4670 

4722 

4774 

5563 

5618 

5673 

5728 

5783 

0.960 

.962 

.964 

.966 

.968 

0.91081 
.90762 
.90445 
.90130 
« 898l8 

0.90201 

.89889 

.89578 

.89270 

.88964 

1.5134 

206 

278 

350 

422 

651 

726 

802 

877 

952 

0.14826 

4878 

4930 

4982 

5035 

5838 

5893 

5948 

6003 

6058 

0.970 

.972 

.974 

.976 

.978 

0.89506 

.89197 

.88889 

.88584 

.88280 

0.88660 

.88357 

.88056 

.87757 

.87460 

1.5495 

568 

641 

715 

788 

*028 

*104 

*181 

*257 

*334 

0.15087 

5139 

5192 

5244 

5296 

6113 

6168 

6223 

6279 

6334 

0.980 

.982 

.984 

.986 

.988 

0.87978 

.87678 

.87380 

.87084 

.86789 

0.87165 

.86871 

.86579 

.86289 

.86001 

1.5862 

936 

.6010 

085 

160 

*411 

*488 

566 

644 

722 

0.15349 

5401 

5454 

5506 

5559 

6389 

6445 

6500 

6556 

6611 

0.990 

.992 

.994 

.996 

.998 

0.86496 

0.85714 

1.6234 

800 

0.15612 

6667 

1.000 
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K 


k 




T?p Fraction of blade length, y Root 


fd) Mean half-width of fins. 


Figure 3. - Continued. Variation from tip to root 
of f Inned-hol 1 ow-blade data used in numerical 
example. 
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(f) Combust Ton-gas relat i ve-vel oc i ty ratio. 



T 


9 » * 




Figure 3. - Concluded. Variation from tip to root 
of finned-hollow-blade data used In numerical 
example. 
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400 800 1200 1 600 2000 2400 


Static temperature, T, °R 

Figure 4. - Variation of specific heat of air at 
constant pressure with absolute temperature 
( ref e ren ce I 5 ) . 




Ratio of specific heats 
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Static temperature, T, °R 

Figure 5. - Variation of ratio of specific heats of 

air with absolute temperature (reference 15). 





Ratios of;statlc pressure, p/p-j.; total temperature, T M /T 
Mach number, M/My; and coolant velocity, W/Wy 
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Tip Fraction of blade length, y Root 

Figure 7. — Variation of static pressure, total 

temperature, Mach number, and velocity of coolant 
from tip to root as determined from open-form 
solution of momentum and energy equations. 



Error, percent 
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(a) Coolant Mach number. 



(b) Coolant pressure, 


Solution C (mean values used) 
Solution B (mean values used 
except for gas temperature) 


Fr act Ion of blade length, y 
(c) Coolant temperature. 


Figure 8. - Error In simplified solutions for Mach 
number, pressure, and temperature. 
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Tip Fraction of blade length, y Root 


Figure 9. — Computed 
metal temperature 
relation Tg ■ (XT 


cool ing-a i r 
distribution 

g.e + 


total and blade- 
computed from 
+ X). 
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